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Abstract 
High strength titanium sheet such as Ti-6Al-4V is increasingly used in 
aerospace, marine and automotive applications. Currently Ti-6Al-4V has to be 
formed at elevated temperatures due to its high tendency to springback and 
limited formability. One forming process that may allow the manufacturing of 
structural profiles from Ti-6Al-4V is the roll forming process which is 
increasingly used in the automotive industry to form high strength low ductility 
steel alloys. Up to date the forming behaviour of Ti-6Al-4V in the roll forming 
process is unknown and there is only a limited understanding of the forming 
behaviour of Ti-6Al-4V at room temperature.  
The first part of the present study aims at experimentally investigating the 
forming behaviour of Ti-6Al-4V at room temperature. Tensile tests and swing 
folding trials were performed to determine the mechanical properties and the 
minimum bending radius of the material. The forming limit diagram (FLD) 
was established and the springback behaviour of the Ti-6Al-4V analysed via 
V- die bending tests. The results show that the material has limited formability 
combined with very low material hardening and a high tendency to springback.  
Initial roll forming trials were performed and those showed that the Ti-6Al-4V 
can be roll formed to simple longitudinal sections at room temperature. 
Improved formability was observed and the tendency to springback in roll 
forming was significantly lower compared to that determined in V-die bending. 
Additionally to that the Ti-6Al-4V showed a low tendency for shape defects 
commonly observed in roll forming due to its high material strength. This 
 xx 
 
suggests that roll forming may be a potential solution for the room temperature 
forming of high strength titanium sheet to structural sections for the aerospace 
or automotive industry. 
In the second part of the thesis the quasi-static deformation behaviour of Ti-Al-
4V sheet at room temperature was analysed for various loading conditions and 
an advanced constitutive material model developed. To quantify material 
anisotropy tension and compression tests were conducted at different sample 
orientations while the Bauschinger effect and the transient hardening behaviour 
was analysed by in plane cyclic tension /compression and compression/ tension 
tests.  In-plane biaxial tension tests and plane strain tensile tests were 
performed to experimentally construct the yield surface of Ti64 at room 
temperature and this data was then applied to validate a new anisotropic 
elastic- plastic constitutive material model developed based on the HAH 
model. Compared to conventional hardening models the proposed model 
showed a higher accuracy in predicting the Bauschinger effect and the transient 
material hardening behaviour of Ti-6Al-4V at room temperature. 
In the final part of the thesis, the developed material model was implemented 
into the conventional software package Abaqus and applied to investigate the 
behaviour of Ti-6Al-4V in bending dominated forming at room temperature (V 
- bending and roll forming). The new developed constitutive model shows a 
good agreement with the results and will lead to the further understanding of 
the material behaviour of Ti-6Al-4V at room temperature forming. 
Keywords: Ti-6Al-4V - forming behaviour – forming limit diagram - V- bending- roll 
forming- springback- shape defects- yield locus – constitutive model.
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C H A P T E R  O N E  
1 Introduction 
1.1 Preface 
Due to tightening government restrictions with regard to greenhouse gas 
emissions and the increasing customer demand for reduced fuel consumption 
[1, 2], there is an` increasing trend in the transport sector to reduce the weight 
of future vehicle /aerospace structures [3]. Currently two major approaches are 
applied: one is the application of higher strength steels that allow the down 
gauging of the material thickness [4] while the other involves the substitution 
of steel with lightweight metals such as aluminium and magnesium [4, 5]. 
However, the weight savings that can be achieved by using higher strength 
steels with lower thickness are limited since the application of thinner sheet 
results in the reduction of component stiffness [5-7]. On the other hand, 
conventional lightweight materials, such as aluminium and magnesium, show 
material properties that can lead to problems when used in combination with 
steel in automotive and aerospace construction. Magnesium has a very low 
resistance to corrosion, and aluminium shows a high thermal expansion 
coefficient, which can result in structure instabilities when used with other 
metals [8]. In addition, due to the relatively low material strength of current 
aluminium and magnesium alloys these materials generally have to be used in 
higher gauges [7], which leads to reduced weight savings and to higher 
material costs.  
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Another promising lightweight sheet material is titanium. Titanium offers low 
weight (almost 50% lighter than steel) combined with material strength levels 
that are comparable to those of Advanced High Strength Steel (AHSS). 
Titanium, further, has a high corrosion resistance and a thermal expansion 
coefficient that is similar to steel. Due to these promising material properties, 
there is an increasing interest in using titanium sheet, in particularly Ti-6Al-
4V, for the manufacture of structural and crash components in the automotive 
and the aerospace industry [8-10]. 
1.2  Ti-6Al-4V sheet alloy and forming issues 
The forming of high strength titanium sheet at room temperature is difficult 
and this is mainly due to its limited formability that leads to material failure if 
stamped or stretch formed at ambient temperatures [11]. Additionally, titanium 
has a low Young`s modulus resulting in high springback after forming, and it 
shows a high degree of material anisotropy. Therefore the forming of titanium 
with sheet forming processes that are currently used in the automotive and the 
aerospace industry such as stamping and stretch forming is limited [12]. 
One sheet forming process that allows the forming of longitudinal sections 
from materials that have limited or no elongation is roll forming where a metal 
strip is gradually formed into shape by passing it through a series of contoured 
rolls [13].While the conventional roll forming process is limited to longitudinal 
parts with constant cross section the recently developed flexible roll forming 
process allows the production of longitudinal components with a variable cross 
section over the length of the part [14]. This has led to an increased application 
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of the roll forming technology in the automotive industry [15]. Additionally, 
springback in roll forming can be compensated for by very simple approaches 
[16] which makes it a suitable process for the manufacture of structural 
components from high strength titanium sheet. 
However, to enable the industrial application of structural components roll 
formed from titanium the material behaviour of Ti-6Al-4V during cold roll 
forming needs to be understood and process design guidelines developed. This 
requires the development of new constitutive model to capture the cold 
forming behaviour of Ti-6Al-4V and enable CAD and FEA based design. 
To date there is only limited knowledge with regard to the forming behaviour 
of Ti-6Al-4V sheet at room temperature and constitutive material models only 
exist for the forming at elevated temperatures or other hexagonal closed packed 
(HCP) metals such as commercially pure titanium (CPTi) and magnesium 
alloys. There is no literature on the roll forming of high strength titanium sheet 
and no previous numerical investigations can be found that focused on the 
bending dominated forming ofTi-6Al-4Vsheet at room temperature. 
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1.3 Research objectives and Methodology 
The overall objective of this study is the development of a new material model 
that will enable the accurate representation of the material behaviour of Ti-6Al-
4V in roll forming and to provide design guidelines on how changes in the 
process conditions can affect the material behaviour in the cold roll forming 
process. The research question of the present work can be stated as:  
Is the roll forming process capable of forming high strength titanium to 
structural sections at room temperature and can constitutive material models 
combined with FEA successfully be used to predict the material behaviour of 
Ti-6Al-4V in the roll forming process? 
The research question results in the following research objectives of this study, 
which are: 
x Determine if and to what extent the material behaviour of Ti-6Al-4V in 
simple bending is representative of that in roll forming. 
x Determine the cold roll formability of Ti-6Al-4V and investigate 
whether if it can be represented by the conventional FLD. 
x Characterize the quasi- static inelastic behaviour of Ti-6Al-4V at room 
temperature under different stress conditions to construct the initial 
yield locus.  
x Develop a constitutive material model for Ti-6Al-4V sheet and 
integrate into a numerical model of the simple bending and roll forming 
operations. 
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x Numerical investigate the roll forming process and development of tool 
design rule to improve the quality of the roll formed sections. 
The methodology taken to answer above research question includes in three 
major fields of research as shown in the following Figure  1-1 
 
Figure  1-1 Methodological strategy for Ti-6Al-4V cold roll forming process. 
 
x Phase I: Forming behaviour at room temperature  
Roll forming is an incremental bending process. Therefore in order to assign 
appropriate forming conditions for cold roll forming, it is necessary to establish 
the forming limits the material can endure without failure and to develop an 
understanding of the material behaviour in bending dominated forming at room 
temperature. To achieve that, the following investigations are performed: 
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i. Determine the mechanical properties of Ti-6Al-4V at room 
temperature. 
ii. Establish the forming limit diagram of Ti-6Al-V at room temperature 
using stretch forming test. 
iii. Specify the comparability between the material behaviour in bending 
and cold roll forming. 
iv. Investigate the propensity of Ti-6Al-4V to the roll forming shape 
defects at room temperature 
Phase II: constitutive modelling of Ti-6Al-4V  
In forming processes where the sheet metal is subjected to a continuous change 
of the loading path such as roll forming a constitutive material model needs to 
be applied. This work can be subdivided into the following topics: 
i. Characterize the quasi- static inelastic behaviour of Ti-6Al-4V under 
various stress conditions at room temperature. This will enable to 
understand the asymmetry in yielding behaviour of Ti-6Al-4V under 
different loading conditions. Based on that the yielding behaviour will 
be analysed and the initial yield locus of Ti-6Al-4V will be established. 
ii. Investigate experimentally the cyclic hardening behaviour of Ti-6Al-
4V. This will give a greater insight into the nature of hardening 
behavior during loading path changes. 
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iii. Formulation of the homogeneous yield function based anisotropic 
hardening model (HAH) using the newly determined yield locus from 
Step i. 
iv. Integration of the constitutive model developed in Step iii into the FEA 
software package Abaqus/ implicit using “UMAT”. 
v. Investigation and optimisation of the developed material model based 
on the experimental in plane cyclic tension- compression and 
compression – tension test data gathered in Step ii. 
vi. Application of conventional material models to determine the extent to 
which they are capable of representing the cyclic hardening behaviour 
of Ti-6Al-4V at room temperature and comparison with the newly 
developed constitutive material model. 
Phase III: Numerical modelling of bending dominated forming processes 
This phase includes two major topics; numerical modelling and experimental 
work for validation. 
Part I: Numerical modelling of bending dominated forming process 
It is important to numerically investigate and predict the behaviour of Ti-6Al-
4V in both bending and roll forming processes. This will allow one to 
understand the difference in terms of material behaviour between both 
processes and to optimize the roll forming process design. For this purpose the 
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developed constitutive models in Phase II will be incorporated into the 
numerical bending and roll forming models. The work of this phase includes: 
i. Fitting and optimisation of the developed material model based on 
experimental bend test and cyclic tension – compression data using an 
inverse approach. 
ii. Application of the optimised material model to numerically analyse 
material behaviour in V-die bending and the roll forming process. 
Part II: Experimental work and validation 
It is essential to verify and prove the proposed hypotheses and statements made 
in Phase II and in Part I of this phase by comparison with an extensive 
experimental data set. A number of experiments using Deakin’s roll forming 
line will be performed. Those will aim at studying the material behaviour of 
Ti-6Al-4V in bending and roll forming with two different forming approaches. 
This will lead to the fundamental understanding of the forming behaviour of 
Ti-6Al-4V in bending dominated forming at room temperature. This part will 
cover the following points: 
i. Experimental investigation of the effect of the roll forming strategy; 
constant arc length and constant bend radius forming, on the material 
behaviour of Ti-6Al-4V. 
ii. Comparison of experimental results with those numerically obtained in 
part II to determine the accuracy of the proposed constitutive model. 
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iii. Detailed analysis of the material behaviour in V-die bending test and 
roll forming to get a fundamental understanding of the springback 
behaviour in both processes.  
1.4 Structure of the thesis 
The current thesis contains seven chapters including the introduction and the 
conclusion. These chapters are briefly described below: 
Chapter 2: Literature review 
The first part of Chapter 2 reviews the strategies currently used in lightweight 
design. Then the titanium material is introduced and the main material 
properties that are important for its application and specific design are 
considered. The second part of this chapter reviews the inelastic behaviour of 
HCP metals with focus on Ti-6Al-4V sheet alloy and the constitutive models 
currently available for Ti-6Al-4V at room temperature. In the third part of this 
chapter, the forming processes currently used to manufacture titanium 
components are presented. The fourth part of Chapter 2 is dedicated to the 
review of the cold roll forming process and the effect of material properties and 
process design on product quality. 
Chapter 3: Forming of High Strength Titanium Sheet at room 
temperature 
The first part of Chapter 3 describes the experimental procedures that are used 
in this study to determine the mechanical properties and the Forming Limit 
Diagram (FLD) of Ti-6Al-4V sheet. The test set ups used to determine the 
forming behaviour in bending and incremental bending as well as roll forming 
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will be introduced. In the second part of this chapter several V-shapes of 
different bending radii will be formed from Ti-6Al-4V via roll forming using 
Deakin`s industrial roll forming equipment and compared to those formed 
using swing folding and a simple V-bend test. The forming strains at failure 
will be compared with those suggested by the FLD. The material behaviour 
will be investigated for bending and roll forming with regard to minimum 
bending radius and springback behaviour. In addition, the roll shape defects of 
the V- roll formed profile will be compared with those for AHSS. 
Chapter 4: Yield surface of Ti-6Al-4V at room temperature 
This chapter includes the experimental work to characterize the quasi- static- 
plastic deformation behaviour of Ti-6Al-4V and determine its yield criterion. 
The first part of this chapter describes the procedures used to carry out the 
martial characterization under different loading conditions. Those include the 
tensile and anisotropic behaviour at different orientations, the in plane tension 
– compression and compression – tension tests, the in plane biaxial tensile test 
using cruciform specimens at different load ratios, and the plane strain tensile 
test. The second part of this chapter is dedicated to analyse the yielding and 
hardening behaviour of Ti-6Al-4V. This will involve the in - plane anisotropy, 
the asymmetry in yielding behaviour as well as the Bauschinger effect upon 
reverse loading. In the third part, based on the experimental results the yield 
surface of Ti-6Al-4V will be constructed and optimized. 
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Chapter 5: Elastic – plastic model of Ti-6Al-4V sheet for room 
temperature forming 
A constitutive material model that will allow the numerical investigation of the 
material behaviour of Ti-6Al-4V in sheet forming at room temperature is 
developed in this chapter. First the theoretical framework of the homogeneous 
yield function based anisotropic hardening model (HAH) model is presented. 
The second part is devoted to formulate the FE- code and incorporate the yield 
function determined in Chapter 3. This includes stress update logarithm and the 
numerical method to update the stress scheme. In the third part, the model will 
be validated and optimized using experimental results of the in plane 
continuous tension- compression and compression – tension test obtained over 
a full stress cycle. In addition, the conventional hardening models (isotropic 
and nonlinear kinematic models) will be investigated with the optimized yield 
function determined in Chapter 4. 
Chapter 6: FEA- simulation of bending dominated forming 
processes  
In this chapter the simulation work of bending dominated forming process is 
outlined. First the constitutive parameters of Ti-6Al-4V used in Chapter 3 are 
determined through inverse analysis combined with experimental pure bending 
and cyclic tension- compression data. The numerical models of the pure 
bending and the tension- compression test were carried out with applying the 
developed constitutive model to determine the material hardening parameters. 
In the second part, the numerical models were developed of the V- die bending 
and the roll forming process and the advanced constitutive material model 
established in the first part of this chapter incorporated.  
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In the third part of this chapter experimental V- die bending and roll forming 
trials are performed to validate the robustness of the proposed constitutive 
material model. In the fourth part of this chapter, the material behaviour in 
bending and roll forming is numerically analysed and compared with those 
experimentally measured. This will show the difference in the material 
behaviour between the V- die bending and the roll forming and will provide a 
fundamental understanding of the effect of roll forming strategy on shape 
defects and springback in roll forming of Ti-6Al-4V at room temperature. 
Chapter 7: Conclusions and recommendations for future work  
 Chapter 7 provides a summary of the conclusions drawn from each chapter. 
Some ideas and suggestions for future research are pointed out. 
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2 Literature review 
2.1  Introduction 
The previous chapter outlined the scope of the thesis and identified the main 
research question.  This chapter will review the relevant literature and identify 
the main research gaps in the field. 
Titanium combines lightweight with material strength levels that are 
comparable to those of conventional AHSS and therefore is a potential 
candidate for the substitution of steel in structural and crash components in the 
automotive and the aerospace industry. Nevertheless, due to its limited 
formability the manufacture of titanium sheet with conventional forming 
processes, such as stretch forming and stamping, is difficult. Roll forming has 
been shown to allow for the forming of sheet materials with limited or low 
tensile elongation, and therefore may be a potential forming process for the 
manufacture of longitudinal sections from titanium. It further allows for the 
flexible compensation of springback making it the ideal forming process for 
high strength material such as titanium.  
This literature review will discuss the previous investigations on the forming of 
titanium. It will highlight the main gaps in the literature and will show where 
further studies are required to understand the material behaviour of titanium in 
bending and roll forming. The significant outcomes that will arise from this 
review will be: 
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• The close to yield forming and hardening behaviour of high strength 
titanium sheet is unknown. 
• To date, there is no constitutive equation allowing an accurate 
representation of plastic anisotropy and hardening for Ti-6Al-4V at room 
temperature, especially if the metal strip undergoes non-monotonic 
deformation. 
• There is no literature with regard to the comparability between the 
simple bending and cold roll forming.  
• No experimental investigation has been performed yet on the 
dependence of the material behaviour of high strength titanium sheet on the 
process parameters in cold roll forming.  
• There have been no numerical studies on the material behaviour of Ti-
6Al-4V alloy sheet using the cold roll forming process.  
• Guidelines for process design of Ti-6Al-4V roll forming are unknown. 
2.2 Weight reduction  
In recent years, the pressure on the transport industry to reduce greenhouse gas 
emissions has intensified, resulting in a great commitment to reduce fuel 
consumption and emissions by reducing the weight of new vehicles (Figure  2 
1) [17, 18]. At an international conference of aviation and climate change, held 
in October 2009, a target was set to reduce CO2 emissions by 50% by 2050 
with respect to 2005 levels [19]. The global aviation industry has agreed that 
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future airplanes (by 2020) will aim to consume 50% less fuel and emit 80 % 
less nitrogen oxide [20]. Japan and the European commission have set an 
objective for the automobile industry to decrease CO2 emissions by 24.0 % and 
26.0 % of 2009 levels by 2020, respectively [21]. Figure  2-1shows the direct 
relationship between fuel consumption and vehicle weight [6]. 
 
Figure  2-1 Direct relationship between fuel consumption and vehicle weight [22]. 
2.2.1 Material substitution 
Traditionally vehicle weight has been reduced by two approaches: down 
gauging using stronger alloys; and by using materials with lower density. 
2.2.1.1 Down gauging with stronger alloys 
Recently, Advanced High Strength Steels (AHSS) such as DP (dual phase) and 
TRIP (TRansformation Induced Plasticity) steels have been developed with 
yield strength levels between 540 to 1500 MPa, which is significantly higher 
than the strength levels achievable with conventional steel grades (between 240 
MPa and 800 MPa) [23]. The latest development of steel alloys has led to the 
next generation of extra – and ultra-advanced high strength steels such as SB-
TRIP (Super Bainite TRIP) and TWIP (TWinning Induced Plasticity) steels 
respectivelythat show an improved combination of strength and ductility as 
shown in Figure  2-2 [24]. 
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Figure  2-2 Development in steel generations in terms of tensile strength and elongation [24]. 
 
High strength steels enable to achieve body weight reduction by using a lower 
material thickness compared to milder steel grades [25, 26].However, weight 
reduction by down gauging has an impact on the part’s stiffness, which is a 
function of thickness and Young’s modulus [5]. 
Another way to save weight is by using composite-metal material solutions. 
Tailor-welded blanks and sandwich materials are good examples of weight 
reduction measures that reduce vehicle weight by providing appropriate 
strength in the necessary areas [27, 28]. However tailor-welded blanks require 
special welding techniques to avoid difficulties such as tearing in press forming 
due to the difference in the local ductility between the weld area and the base 
material [29, 30]; the welding of sandwich sheets is not possible and special 
joining techniques are required [27].  
2.2.1.2 Redesign with low-density alloys  
Weight reduction can also be achieved by using materials with lower densities 
and in recent years steel has been substituted by lightweight materials such as 
aluminium and magnesium in several automotive components [3]. New 
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lightweight materials used in automobile and aerospace have to meet several 
requirements. The main requirement is that the components manufactured of 
the new lightweight alloy need to be integrated with the rest of the structure. 
This implies the new material has to be: corrosion resistant (or have the 
appropriate coatings) to avoid dissimilar metals corrosion in the assembly [31]; 
weldable; and has a thermal expansion coefficient that is similar that of the 
other materials in the structure.  
Aluminium is already widely used in automotive and aerospace applications; 
indeed Ford Motor Company has recently announced that its popular F150 
pick-up truck will have an entire aluminium body. Audi’s aluminium space 
frame for the Body-in-White (BIW) for the (A8, A2 and S8) models are also 
good examples of using aluminium for weight reduction [32, 33]. Substituting 
steel grades by aluminium alloys decreased the total vehicle’s mass by 30% 
and the BIW by above 40% [34]. However previous studies have shown that 
aluminium components generally show lower dent resistance, and due to the 
lower Young’s Modulus of aluminium compared to steel it has to have a higher 
gauge, leading to reduced weight savings [35, 36]. In addition, the high thermal 
expansion coefficient of aluminium can result in structural instabilities.  
Magnesium has also been considered for lightweight construction due to its 
low density, which is only 1/4 that of Steel and 2/3 that of aluminium. 
Magnesium further has large specific energy absorption compared to steel and 
has been preferably used in automotive seat frames [6, 34, 37]. China`s New 
Car Assessment Program (C-NCAP) revealed experimentally that the use of 
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magnesium instead of steel can theoretically decrease a BIW by 56.1 % [38]. 
However, due to its poor cold formability magnesium components have to be 
formed at temperatures above 300 ⁰C, which leads to increased manufacturing 
costs [39]. In addition, magnesium alloys show a very low resistance to 
corrosion, especially when in contact with other metals [25].  
One lightweight material finding more and more interest in the automobile 
industry is titanium. Titanium offers low weight combined with high strength 
and superior corrosion resistance, as can be seen in Table  2-1 [40-42]. 
 
Table  2-1 A comparison between titanium’s properties against other competitive materials 
[40]. 
Material Specific 
gravity 
Young’s 
modulus > @GPa   
Tensile 
strength > @MPa   
High 
temperature 
oxidation 
Corrosion 
resistance 
Steel 7.85 205 400-800 Excellent Bad 
Stainless steel  7.95 200 600 Excellent Good 
Commercially 
pure titanium  
4.51 106 450 good Excellent 
 (Ti-6Al-4V) 4.43 114 900 Excellent Excellent 
aluminium alloy 2.70 70 250 bad Bad 
magnesium alloy 1.70 45 200 bad Bad 
In addition, titanium generally shows high fatigue strength and sufficient 
capability of absorbing energy, which makes it a potential candidate for 
structural and crash automotive body components [43]. 
2.3 Current applications of titanium 
Because they combine high specific strength and high structural stiffness with 
excellent heat and corrosion resistance [44] titanium alloys are increasingly 
used as structural material for aerospace [41, 45], petrochemical, marine 
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industries [46, 47]and automotive [43]. Ti-6Al-4V is the most widely used 
Titanium alloy and accounts for more than 50% of the total usage of titanium 
worldwide [48]. 
2.3.1 Titanium in the aerospace industry  
Titanium alloys are widely used in aerospace applications for airframes, ducts, 
landing gear, landing-gear support structures, wing structures, vertical wing-
actuation structures, engines, floor beams and seat-track architecture [49, 50]. 
This is mainly due to its superior specific strength at high temperatures 
compared to other materials as shown in Figure  2-3 [51]. 
Ti-alloys currently account for approximately 15% of the structural weight of 
commercial aircraft, while a larger quantity of titanium (up to 40 %) is used in 
military aircraft [52, 53]. Titanium alloys are compatible with composites, 
which are increasingly used in aerospace constructions. This has led to the 
increased substitution of aluminium for titanium alloys. This is due to the high 
thermal expansion coefficient of aluminium, which can lead to problems when 
combined with composite materials [50, 53, 54]. 
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Figure  2-3 Effect of temperature on specific strength of Ti - materials and other competitive 
metals [51]. 
2.3.2 Current and potential applications of titanium in the 
automotive industry 
In the automotive industry, titanium is currently primarily used for coil 
suspension springs due to its low E- modulus such as in the Volkswagen- Lupo 
FSI model. Other applications include exhaust pipes, mufflers, engine valves, 
retainers, connecting rods and gear shift knobs [55, 56]. However, titanium 
could also be a potential material for bumper components [25] and the 
structural components of a BIW shown in Figure  2-4 such as rear and front 
bumper supports, cross beams, chassis rails, roof rails and other frame sections 
[57].  
 
Figure  2-4 Potential candidate of titanium in the BIW [58]. 
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To facilitate the increased application of titanium without a significant 
additional costs in the automobile industry, Nippon steel has recently 
developed new series of titanium alloys – the TIX series, which are shown 
Figure  2-5 [39]. 
 
2.3.3 Other applications of titanium 
Titanium’s machinability, weldability and superior immunity to corrosive 
environments make it also a good material choice for marine and energy 
applications, such as structural beams and floor, heat exchangers, blades, pipes 
and tower components [10, 61, 62]. Titanium alloys are increasingly used in 
the construction industry as cladding for roofs and facades [62, 63]. A good 
example is in Japan where Ti-sheets replace mild Steel and Stainless Steel as 
roofing materials due to their superior corrosion resistance, lightweight and 
aesthetics [60]. 
The next section will describe more of Titanium’s material behaviour before 
the forming of titanium is discussed 
 
Figure  2-5 Relationship between strength and elongation with the newly developed Ti- 
alloys; TIX [59, 60]. 
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2.4 Material behaviour of Titanium alloys 
Titanium alloys have a HCP micro-structure; this leads to a distinctly different 
behaviour from the commonly known FCC and BCC metals. 
2.4.1 Inelastic behaviour of HCP metals 
In general plastic deformation of a material accounts for the dislocation 
movement under loading; however this movement remains insignificant until a 
critical value, the yield stress, is reached. Beyond the yield stress, additional 
stresses are required for further plastic deformation due to the restriction of the 
dislocation movement by various obstacles i.e. strain hardening [64]. The 
literature has confirmed that when a material is released and reloaded in the 
opposite direction, yielding occurs at a stress value that is lower than the final 
stress at which the material experienced during the forward loading. This 
direction – dependent yielding behaviour is the so-called Bauschinger effect 
[65-68].  
Hardening behaviour is a function of the microstructural state of the material 
[69]. In cubic –metals symmetric behaviour in yielding and flow stresses is 
usually experienced in tension and compression loadings, as can be seen in 
Figure  2-6 a. Conversely, hexagonal closed packed HCP – structure metals 
show pronounced crystallographic texture and strong asymmetries in the yield 
stress and subsequent flow curves during tension and compression as shown in 
Figure  2-6 b. The unusual asymmetric behaviour of HCP metals has been 
attributed to the sensitivity of the twinning deformation mechanism that 
concomitantly takes place with dislocation slip during plastic deformation at 
room temperature such as in CPTi alloys [70-74] and magnesium alloys [75]. 
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This twinning is sensitive to the direction of the applied stress as it can be 
activated by straining along one direction while becoming inactive on the 
opposite direction [76]. This directionality of twinning causes asymmetry in 
yielding between tension and compression, which is the so called strength 
differential effect (SD). 
Figure  2-6 Stress – strain curves for : a ) cubic  and b) HCP– structure metals showing 
symmetric  and asymmetric yielding behaviour respectively in tension and compression 
deformation as well as in the Bauschinger effect [77]. 
 
2.4.2 Plastic deformation behaviour of Ti-6Al-4V alloy sheet 
Since HCP -α  is the dominating phase in Ti-6Al-4V combined with a low 
volume of dispersed BCC β  -phase (<10%) at room temperature. The 
deformation behaviour of Ti-6Al-4V is majorly governed by the HCP α - 
phase which only has a limited number of slip systems [42, 48]. In contrast to 
most of HCP metals (i.e. CPTi), for Ti-6Al-4V mechanical twinning has not 
been observed under quasi-static loading conditions at room temperature. It 
only has been reported for forming at high strain rates [78, 79], at cryogenic 
temperatures [79-81] and under dynamic loading [82]. 
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Tirry et al. [83] qualitatively measured  the volume fraction of the activated 
^ `1012  twins in a Ti-6A-4V alloy sheet at large shear strain and found that it 
was below 1.0%. In contrast to that the twinning volume fraction in an α  
titanium (CPTi) alloy that was deformed up to 30% of strain along the rolling 
direction determined a twin volume fraction above 60% [84]. Other studies 
suggested that Ti- alloys with Al and V alloying elements will only 
mechanically twin during deformation at room temperature if it is not highly 
alloyed with aluminium (> 5.0 wt. %) and oxygen |  0.2 wt. % [85-87].  
Recently, Prakash et al. [88] demonstrated that with increasing plastic 
deformation (moderate strains) Ti-6Al-4V exhibits a change in texture that is 
related to the ^ `1012  twining mode but does not conform to the slip related 
grain orientation which induces a strong basal texture. A study conducted by 
Lowdmen and Hutchinson [89] referred this asymmetry to the differences in 
the hydrostatic stress level along the c - axis of the texture between tension and 
compression. This leads to the asymmetry of motion of dislocations between 
the usual slip   and the c a  cross slip . Different activated 
deformation mechanisms that take place by c a  dislocation or by twinning 
affect the potential texture strengthening, and thus lead to different texture 
evolution. Therefore, this range of hardening mechanisms mean that the 
forming behaviour of Ti-6Al-4V does not follow common FCC and BCC 
metals, such as most steels and aluminium alloys . At the same time CPTi 
shows a higher and stronger asymmetric hardening behaviour. However in 
light of what has been mentioned above, no study has been specifically carried 
1120 1123
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out so far to investigate the hardening behaviour of Ti-6Al-4V at room 
temperature under various stress conditions, which is of great importance for 
accurate sheet metal forming simulations using FEA. For Ti-6Al-4V sheet 
alloy, the material effects that can cause variations in the hardening behaviour 
need to be taken into account, such as the hardening differences due to slip, 
twinning, dislocation substructure reorientation, and texture development 
during deformation. In addition, in situations where the sheet metal is subject 
to cyclic loading or non-proportional loading paths the material experiences a 
pronounced drop in the compressive stress upon reverse loading (i.e. 
Bauschinger effect). In order to predict accurate results of springback and to 
simulate real sheet metal forming processes a precise knowledge of the cyclic 
hardening behaviour is indispensable [90] which has not been attempted yet for 
Ti-6Al-4V at room temperature. 
2.5 Constitutive modelling of Ti-6Al-4V 
For time- independent plasticity, in a multiaxial stress space, in order to 
describe properly the plastic behaviour of a material one needs to identify the 
Phenomenological constitutive model; i.e. initial yield condition, a hardening 
rule and a flow rule. Studies such as performed by Kuwabara et al.[91] and 
Nixon et al. [92] reported that the phenomenological classical plasticity models 
using von Mises ( 2J - flow) and Hill’48 are not capable of describing the 
material behaviour  of Ti-6Al-4V as mentioned in the previous section. 
However due to the lack of macroscopic constitutive material models the 
classical anisotropic model formulated for cubic metals i.e. Hill’s 48 yield 
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potentials [93] accompanied with the conventional hardening models is still 
applied to represent the material behaviour of Ti-6Al-4V in sheet forming [94]. 
The vast majority of the previous studies focused on other HCP metals rather 
than Ti-6Al-4V alloy sheet as extensively reviewed in [95]. 
Recently, Cazacu et al. [76] developed an anisotropic-asymmetric yield 
criterion, the so- called CPB06, to account for the anisotropy and the strength 
differential (SD ) effect associated with twinning for pressure insensitive 
materials. It was reported that CPB06 is highly accurate in describing the yield 
loci of magnesium and CPTi [76]. Khan et al. [96] also applied this criterion to 
predict the yield locus of Ti-6Al-4V and its asymmetry in yielding but reported 
a low level of  accuracy [96]. Plunkett et al. [97] improved the capability of the 
CPB06 model to represent yield surface asymmetry by introducing additional 
linear transformation tensors operating on the Cauchy stress deviator; namely, 
two linear transformations were performed for CPB06ex2 and three for 
CPB06ex3. 
In a later study, Gilles et al. [98] applied the orthotropic asymmetry yield 
criteria CPB06, CPB06ex2 and CPB06ex3 in combination with a hardening 
model developed by Plunkett et al. [99], which accounts for distortional 
hardening due to texture evolution. With regard to describing the in-plane 
anisotropy of the sheet, a lower accuracy was achieved for CPC06 compared to 
the other two yield functions CPB06ex2 and CPB06ex3. Additionally, these 
yield functions showed significant differences compared to those 
experimentally measured for Ti-6Al-4V in biaxial and plane stress conditions. 
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The authors further suggested that for an accurate description of the yield 
surface evolution with accumulated plastic strain, additional hardening 
parameters would be required.  In other words, to date, there is no adequate 
constitutive equation for the prediction of the inelastic behaviour of the 
material in forming process in which the sheet metal is subjected to non-
proportional loading cases and stress reversals as for example in conventional 
stamping and roll forming. 
2.6 Forming of titanium sheet 
The conventional forming procedures to shape titanium sheet can be classified 
based on the operating temperature into cold forming and hot forming 
techniques. Commercially pure titanium (CPTi) sheet can be cold formed by 
brake forming, stretching, spinning, and deep drawing. However, springback 
after cold forming titanium is high, which results in assembly and joining 
difficulties due to the distortion in the final product [100]. 
To overcome this, generally a second hot sizing operation or extensive over-
forming must be employed after cold forming to compensate for springback 
[101]. In hot sizing the formed sheet or the product is forced into a shaped die 
at elevated temperature and allowed to relax to the desired shape by time 
dependent deformation (creep forming). Hot sizing generally takes a 
considerable amount of time and energy, which leads to high production costs. 
For this reason the hot sizing process is not suitable for high volume 
production [42, 100]. 
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At room temperature titanium sheet has limited ductility due to its hexagonal 
closed- packed (HCP) microstructure [102]. The minimum bend radius  that 
is formable with titanium sheet is significantly higher than that possible with 
conventional steel sheet as shown in Table  2-2 [100, 103]. The formability of 
titanium in bending is often expressed by the bend factor RT : 
  R RT t  ( 2-1) 
High formability is represented by a small value of RT . Titanium sheet can be 
cold formed only if the bending radii are large enough as shown in the 
Table  2-2. Meanwhile, springback increases directly with increasing RT  as 
shown in Figure  2-7. 
Table  2-2 Minimum bend radius as a function of sheet thickness (t) for Ti- alloys and high 
strength steels t ≤ 4.76 mm [100, 103]. 
Ti- alloys sheet High strength steel 
yield strength > @GPa  R  yield strength > @GPa  R  
170-310 3t 310 1t 
280-550 2.5t 344 -380 1.5t 
380-550 2.5t 413 2t 
760 -830 4.5t - 5.0 448 - 480 3t - 3.5t 
 
R
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Figure  2-7 Effect of RT in Ti-6Al-4V sheets on springback with various thicknesses (mm) and 
temperatures (⁰C) [100]. 
 
Forming at elevated temperatures is used to enhance formability and to form 
sharp bend radii as shown in (Figure  2-8) for Ti-6Al-4V; forming at high 
temperatures has been shown to reduce springback [42]. 
 
Figure  2-8 Effect of temperature on RT  for Ti-6Al-4V [42]. 
 
Heating to temperatures over 540 ⁰C leads to the highest ductility in most of 
titanium alloys, while further heating to 870-925 ⁰C results in superplasticity. 
Hot brake forming as shown in Figure  2-9, and hot deep drawing are the most 
common hot sheet forming processes [104]. 
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Figure  2-9 Hot brake forming process for a 90° bend [104]. 
 
Hot forming results in increased equipment costs and higher forming cycle 
times. In addition, chemical surface cleaning is needed after forming to remove 
high temperature surface oxidation. This has led to the restricted use of 
titanium sheet for applications that require sheet-forming operations at elevated 
temperatures. More recently, laser forming has been proposed. The laser beam 
is focused over the surface of the titanium sheet to create localized heating 
along the bend line, and then the material can be bent permanently toward the 
laser beam as in Figure  2-10. However, while this technique is used for 
forming straight bends in titanium, it will be difficult to use it for complex 
profile shapes [104]. 
 
Figure  2-10 Sketch of using laser forming to make a straight bend [104]. 
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2.7 Bending of titanium 
Bending is the most widely used cold forming technique to fabricate titanium 
components [105, 106]. However, due to poor ductility, high strength, low 
Young`s modulus and large anisotropy, cold forming of titanium is difficult 
[107]. Thereby one of the major issues is the large amount of springback 
generally experienced in cold forming of titanium alloys [108]. Springback can 
be significantly higher compared to conventional materials such as steel or 
aluminium [50, 102]. Most previous studies on cold forming of titanium 
focused on the tube bending process [102, 109-111]. Jiang et al. [112] adopted 
a three – dimensional (3D) elastic – plastic finite element (FE) model for the 
numerically controlled (NC) tube bending of a TA18 alloy (Ti-3Al-2.5 V). The 
effect of mechanical properties and bending angle on springback were 
investigated. The study revealed that springback is directly proportional to the 
yield strength yσ  and the strain hardening coefficient k and varies inversely 
with Young’s modulus E  and strain hardening exponent n  [112]. Higher 
springback compared to conventional materials such as stainless steel and 
aluminium was found. Adamus and Lacki [106] performed a numerical 
simulation of bending of a Ti6Al4V ELI bar and revealed that springback 
depends on the size of the middle material zone, which, in their study, 
remained in an elastic state during the bending process [106]. Only one study 
can be found on forming of titanium sheet. Chen and Chiu investigated the 
formability of CPTi at various temperatures in the V- bending test and found 
that springback can be reduced by forming at elevated temperatures [102], 
while for Ti-6Al-4V alloy sheet no study has been done. Therefore, much work 
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is needed in this research area to develop a true understanding of the sheet 
forming limits of titanium particularly at room temperature. 
2.8 The roll forming process 
Cold roll forming is gaining increasing interest as a manufacturing process for 
titanium due to its capability to form high strength materials with limited 
ductility such as high strength steels (HSS) for automotive structural and crash 
components [113]. Roll forming is a manufacturing process in which a flat 
strip of metal is formed into the desired shape by feeding it through a series of 
contoured roll sets, arranged progressively [114] as shown in Figure  2-11 
[115]. 
  
Figure  2-11 Schematic of roll forming in several stages [115]. 
 
The roll forming process has a number of advantages over other forming 
processes such as brake forming, stamping, folding and drawing. Some of 
these advantages are: 
x Allows the forming of tight radii of materials that show very limited 
ductility. 
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x Compensation for springback can be done using very simple 
approaches. 
x Ability to consolidate secondary operations into the forming operation 
such as notching, blanking, piercing and welding [116-118]. 
x Capable of producing a wide range of cross sectional profiles [119]. 
x High volume production with close tolerances and superior surface 
finish [120, 121]. 
Roll formed products are widely used in all areas of daily life such as, 
automotive, aircraft, construction and general manufacturing industries [116, 
117, 119]. Bewlay et al.[122] showed that super plastic roll forming can be 
applied in the aerospace industry to form engine disks [123]. To decrease the 
weight and improve the strength of aircraft structures several titanium 
components could be manufactured via roll forming and those are shown in 
Figure  2-12. Further vital applications of roll formed titanium components are 
in energy, chemistry, defence and marine industries [124]. 
 
Figure  2-12 Future of airframes components made of structural Ti- roll formed products [123]. 
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2.8.1 Cold roll forming sheet with low ductility  
One of the major benefits of the roll forming process is its capability to form 
materials that show high strength combined with limited ductility [116, 117, 
119-121]. Figure  2-13 shows an example on how cold roll forming is able to 
achieve a smaller inner bend radius of 1.5 mm compared to 6.0 mm in a 
bending operation for Docol 1400; fully martensitic steel [16]. 
 
Figure  2-13 Example of the smaller inner bending radius produced in roll forming compared 
to bending for Docol 1400M [16]. 
 
One major problem when forming AHSS and UHSS are the higher contact 
pressures on the tooling which lead to early failure of stamping dies due to tool 
wear. Additionally higher forming forces are needed which result in enhanced 
power requirement for the forming equipment and higher costs [15, 125-127]. 
In roll forming the forces required to form the material are significantly lower 
compared to conventional forming processes such as stamping, stretch forming 
and hydro forming. This leads to fewer issues with regard to tool wear and to 
significantly lower equipment costs making it an ideal process to form high 
strength sheet materials [116, 128]. 
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Another major advantage of the roll forming process is that simple approaches 
can be used to compensate for springback. As in simple bending in roll 
forming springback is generally compensated for by forming a higher bending 
angle than actually required so that the final angle after springback conforms to 
the design requirements (overbending). This is the same approach as generally 
used in stamping and deep drawing and needs to be done during the tool design 
[129, 130].  
However, while in deep drawing and stamping costly changes of the tooling or 
even the production of new tooling may be required if material properties 
change and in that way the springback behaviour change, in roll forming this 
can be accounted for by further overbending or bending out using side roll 
stations that can be added to the process wherever required [127, 131-133]. An 
additional method to compensate for springback in the bending radii [134] can 
be achieved by reducing the roll gap between the top and the bottom rolls 
[118]. In this way roll forming allows for flexible compensation of springback, 
making it a good alternative to deep drawing and stamping where the forming 
of high strength materials generally leads to significant problems due to 
springback. 
Especially when high strengh material is formed material fluctuations have 
been shown to lead to variable springback. Groche et al. [135] therefore 
developed a closed-loop calibration system for a conventional roll forming 
line. By changing the position of the idler rolls depending on the springback 
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measured during forming (Figure  2-14), this set up allows for the automatic 
compensation of springback depending on the incoming material [136, 137] 
Although Ti- sheet alloys vary in yield strength depending on the type of alloy, 
they have in common a Young’s modulus that is 50 % lower than that of steel 
[39]. Therefore, large shape errors due to severe springback have to be 
accounted for [108, 138]. 
 
Figure  2-14 Schematic diagram for the kinematics of the calibrated side roll in service [135]. 
 
2.8.2 Deformation modes and shape defects in cold roll 
forming 
During a typical roll forming process, the metal sheet is successively bent in 
the lateral direction while the cross – section profile is formed to the required 
shape as illustrated in Figure  2-15 (a and b). The major forming mode is 
transverse bending as shown in Figure  2-15 a. 
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Figure  2-15 Sketch represents transversal bending of metal strip during roll forming [133]. 
 
Additional undesired deformation include longitudinal stretching and bending 
as well as transverse elongation and shearing in the strip’s plane and thickness 
direction as shown in Figure  2-16 [133]. 
 
Figure  2-16 Additive redundant deformation in roll forming [133]. 
 
The material at the edge portions often shifts horizontally and rises vertically in 
a helically shaped movement over a distance L. In contrast to that the central 
area of the metal strip travels in a straight line along the bend line Lo 
(Figure  2-17).  
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Figure  2-17 Helix shaped edge (L) and bend line (Lo) have different lengths [139]. 
 
As a result, the material at the strip edge has to travel a longer distance 
compared to that in the centre (L > Lo) and this leads to tensile longitudinal 
strains in the strip edge region and compressive longitudinal strains in the 
centre [140, 141]. These strains are manifested on the formed profile as various 
defects as pictured in Figure  2-18. 
 
Figure  2-18 Various shape defects in roll formed products [133]. 
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As shown in Figure  2-19 twist and longitudinal bow are common shape defects 
in roll forming processes which results from the unwanted longitudinal strains 
induced through plastic deformation after the release of the roll formed parts. 
However the nature and value of the shape defect depends on the amount and 
the distribution pattern of the developed strains and stresses during the roll 
forming process. Twist and longitudinal bow are caused where the longitudinal 
strains are non-uniform in the transverse direction of the profile cross-section 
and exceed the elastic limit of the material. The former is caused if there is an 
“unbalance” of residual longitudinal strains on cross section of the roll formed 
profile, while for bow the unevenness distribution of longitudinal plastic strains 
between the edge and the centre, as it is shown in Figure  2-19 [133].  
 
Figure  2-19 Effect of transverse distribution of longitudinal membrane strain on the defect 
shape [133]. 
 
Also flare and springback are other popular form of shape distortion and are 
due to the release of residual stresses in the profile [142]. When the formed 
part is cut off after forming; the released residual shear stresses result in a 
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change in the cross section at the cut ends towards or away from the 
intermediate cross section of the formed profile as schematically depicted in 
Figure  2-18 and this is called flare. 
Springback occurs as the blank leaves the rollers [143, 144] and is a major 
concern and has to be taken into account in the tooling and process design. In 
bending permanent plastic deformation is generally followed by elastic 
recovery where the material forms back to its original shape due to residual 
stresses [129, 130]. It can be seen in Figure  2-20 that, after springback, the 
final bent angle fα  is smaller and the final bent radius fR is larger upon 
unloading [129, 130, 145, 146]. 
In order to demonstrate the effect of material properties and process parameters 
on the springback, Equation below provides a simple expression for the change 
in the bending angle  after unloading [147]. 
 θ .'   S ρ3
E t
 ( 2-2) 
where E  and ρ  are the elastic modulus and the radius of the bending 
curvature, respectively and S  corresponds to the plane strain flow stress 
caused. It is obvious from Equation (2-2) that the amount of springback is 
directly proportional to the ratio of S
E
 and the bend ratio ρ
t
 [147]. However 
Equation (2-2) is only an approximation and does not take into account the 
following parameters, which significantly influence the accuracy of springback 
prediction: 
x Friction and contact between the material and the tooling [148-150]. 
x Strain hardening behaviour and anisotropy [151, 152]. 
θ'
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x The change in Young’s modulus with increasing the forming strains 
[136, 137]. 
 
  
Figure  2-20 Springback phenomenon in bending process [129, 130]. 
 
As springback is a phenomenon of most sheet metals in bending – related 
forming processes, in recent years, experimental studies on springback, in 
particular V – bending, have received significant attention, and some important 
studies are reviewed here. Indamar et al.[153] investigated the influence of 
various parameters on springback for five different materials in air V - 
bending; commercial pure aluminium, mild steel, deep drawing steel, high 
strength steel and aluminium. Mori et al.[154] studied the springback 
behaviour in bending of ultra-high strength steel. Fei and Hodgson [155] 
identified the major parameters affecting the springback behaviour of cold 
rolled TRIP steels, while Narayanasamy and Padmanabhan investigated 
springback in interstitial free steel [156]. Garcia-Romeu et al.[151] performed 
experiments to obtain the springback values of aluminium and stainless steel 
sheets in air bending for different bend angles. Overall the literature survey has 
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shown that the experiments carried out in simple bending allow the main 
factors that influence springback to be analysed [157]. Thereby the influence of 
process parameters varies.  
x Part geometry: springback has been correlated to the bending angle, the 
sheet thickness and the minimum bend ratio [130, 151]. 
x Forming / bending tool geometry: the most influential factors are the 
punch radius and the die opening [158]. 
x Process conditions : The usual process parameters considered are the 
applied load, friction between the tool and the metal strip [148-150], 
contact time [145], the speed and travel distance of the forming tool 
[158].  
x Material properties: the most significant properties considered are the 
yield strength, the Young’s modulus, the strain hardening component 
[129, 159], and the plastic strain ratio (anisotropy) [160]. 
x Interaction among above factors : the link between some parameters are 
more significant to the springback than others [151]. Important 
parameters are the ratio of the bend radius to the material thickness and 
the coupling effects of material properties and process parameters 
[112]. 
With regard to the HCP metals, the literature has been limited to springback 
reduction studies focusing on the forming at elevated temperatures. Fuh-Kuo 
and his co-workers performed V- bend tests to examine the springback 
behaviour of CPTi [102] and AZ31 magnesium alloy [161] at various 
temperatures. Bruni et al. [162] studied the parameters influencing the 
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springback of AZ31 magnesium alloy during warm and hot air bending. Since 
CPTi and AZ31 have lowered Young’s moduli compared to steel, springback 
is more significant and generally higher at room temperature forming 
compared to the forming at elevated temperatures. 
Although the springback behaviour in the bending process has been well 
covered in the literature for most engineering materials, only limited 
experimental work has focused on high strength titanium sheet i.e. Ti-6Al-4V. 
2.9 Factors affecting the cold roll forming process  
In the above it has been shown that most shape defects in roll forming are due 
to residual stresses that are created by the unwanted longitudinal plastic 
deformation of some regions of the part due to an unbalanced material flow 
between the forming stations. In order to produce a defect-free component the 
roll forming process therefore needs to be designed in a way so that the 
material flow is smooth and balanced between the roll forming stations [163]; 
In that way unwanted longitudinal strains can be limited. The two major 
process parameters affecting the material flow in the roll forming process are 
the flower design and the distance between the forming stations [164]. 
2.9.1 Design of flower pattern 
In the flower design the sequence of incrementally forming the various 
component radii is defined and the number of forming passes is specified.  A 
typical flower design generated for the forming of a C-section is shown in 
Figure  2-21 [165] 
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Figure  2-21 Flower pattern showing a smooth forming process [165]. 
 
To keep the edge strains below the elastic limit the vertical movement of the 
strip edge needs to be balanced between the forming passes [166] and a 
sufficient amount of forming passes (forming steps) used; with increasing 
number of forming passes the longitudinal membrane strain in the strip edge 
generally reduces (Figure  2-22). Nevertheless there is a trade-off between 
forming with too few passes and too many passes. Attention must be paid to a 
proper design of the forming steps. Using too few passes causes unwanted 
plastic strains that will create shape defects, while too many forming passes 
may not have a positive effect on the material flow and make the process too 
costly. 
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Figure  2-22 Effect of number of forming passes on the magnitude of longitudinal membrane 
strain [133]. 
 
2.9.2 Inter-distance between roll stations 
Increasing the inter-distance between the forming passes has a positive effect 
on the progressive deformation throughout promoting a longer deformation 
length along the consecutive forming path, which in turn decreases the amount 
of longitudinal strain as shown in Figure  2-23 [167-169].  
 
 
Figure  2-23 Effect of inter-distance on the longitudinal strain at the strip’s edge [167]. 
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Deformation / forming length is defined as the distance between the first point 
where the deformation or bending starts in the metal strip to the centre of the 
next pair of rolls as shown in Figure  2-24 [143]. 
 
Figure  2-24 Deformation length between two successive forming stands [143]. 
 
In practice the deformation length should be smaller than the inter-distance in 
order to form the section easily [170]. However, an increase in station distance 
results in higher space requirements for the roll forming line and higher 
equipment costs [113, 167]. Ingvarson conducted some experiments on the roll 
forming of a V-section for high strength steel and conventional mild steel. 
While a straight section was achieved for the high strength material significant 
bow was observed in the section formed from mild steel [141]. Mild steel has a 
lower resistance to longitudinal plastic strains due to its low yield strain; this 
led to plastic longitudinal edge strains in the strip edge and thereby higher bow 
in the final section compared to the high strength steel [16, 171]. For that 
reason, higher strength materials require fewer forming passes than materials 
that have low yield strength. 
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Lindgren [143] developed an analytical model considering the yield strength of 
the material for the calculation of the strain based deformation length and the 
peak longitudinal strain. The model results showed that as the yield strength of 
the material increases the deformation length increases leading to reduced 
longitudinal strains in the strip edge [143]. Moreover, the total peak strain 
becomes free from plastic strain with increasing yield strength of the material. 
Bui et al.[172] stated that materials with a low work hardening exponent ( n- 
value ) have a high capacity to accumulate plastic strains and that this can lead 
to higher permanent longitudinal strain in the strip edge as shown Figure  2-25. 
 
Figure  2-25 Effect of n- value on the longitudinal strain. Red curve is shifted 100 mm to the 
right for Clarification [172]. 
 
As a result, in order to achieve the desired shape, material properties must be 
taken into account during the process design [133, 173]. It is obvious that the 
design of the forming process has a direct effect on component shape defects, 
but the effect on springback is still unclear [174]. So far no studies can be 
found on the cold roll forming of high strength titanium sheet, and therefore 
there are no design guidelines available for the cold roll forming of titanium 
sheet. 
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2.10 Roll forming in comparison to simple bending 
Although roll forming is a continuous bending process there are some 
differences between roll forming and simple bending [115, 172, 175]. In 
simple bending the cross sectional profile of the formed part does not change 
along the length of the blank as it is shown in Figure  2-26 for the press braking 
process. In contrast to that in roll forming the cross sectional profile changes 
along the roll forming path (Figure  2-27). 
 
The deformation in roll forming is not accomplished simultaneously in one-
step as in bend forming process but occurs incrementally from one forming 
station to the next. In bending, the bending angle is constant over the length of 
the contact between the work piece and the tooling [140]. In contrast to that, 
Panton et al. reported that in roll forming the bend angle changes along the 
forming path (z- axis) as it is shown in Figure  2-29 [176]. As a result, the 
forming strains in bending are only introduced in the contact area between the 
upper and the lower die, while in cold roll forming they are not only introduced 
in the roll gap but also in the regions where the bending angle is changed. 
Previous studies on roll forming revealed that longitudinal peak strains reach 
 
Figure  2-26  Constant cross sectional 
profile in brake forming [163]. 
 
Figure  2-27  Change in Cross profile along roll 
forming path [163]. 
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the maximum at the first contact between the metal strip and the rolls [140, 
169] as shown in Figure  2-30. Afterwards, this strain reduces due to the 
reversal of deformation and springback between the roll stations [169].  
 
Figure  2-28 Deformation area in the bending process [140]. 
 
Figure  2-29 Deformation extends ahead of the roll axis [176]. 
 
Figure  2-30 Change in bending angle between the successive roll stands [177]. 
 
C H A P T E R  T W O  
50 
 
This change can be divided into three regions. Region I: where the bend angle 
does not change, region II: where the bend angle varies but there is no contact 
between the strip and the roll, region III: where the bend angle is altered as a 
function of the roll geometry and the strip is formed while it is in full contact in 
the roll gap [177]. 
Although a complex pattern of the profile is produced during cold roll forming 
compared to the simple bending process, the technical material approach is 
comparable in terms of bendability. Any material that can be bent without 
failure can also be roll formed [117, 119, 121]. Furthermore, in accordance to 
the previous studies conducted on the roll forming of AHSS sheets, it was 
found that the effect of the material properties on the springback behaviour in 
the roll forming process follows a similar trend to that in bending (described in 
Sections 2.7 and 2.8.2 ) and augments with the increase in yield strength and 
tensile strength [133, 172, 178], the decrease in elastic modulus and the 
increase in bending radius to thickness ratio and material thickness respectively 
[133]. In addition, up to date, analytical bending equations that have been 
originally derived for bending are often being used to estimate the springback 
in roll forming [140]. This is based on the assumption that the major 
deformation mode in roll forming is the transverse bending [103].  
In order to develop tool dimensions for compensating springback and enhance 
the optimal process design to achieve the desired shape of final roll formed 
parts, the precise prediction of springback and forming limits is important for 
roll forming process design. A simplified approach to estimate the material 
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behaviour in roll forming is a simple bending test to investigate springback and 
the minimum formable profile radius. However, current literature does not 
provide a sufficient insight into the comparability between material behaviour 
in bending and roll forming. Only one direct comparison between V- die 
bending and roll forming has been recently performed by Weiss et al.[179] for 
automotive steels. The study concluded that springback in V- die forming is 
generally greater than that in roll forming , sometimes even by a factor of 2 for 
a bend radius of 15 mm. 
 Therefore, in order to introduce the roll forming process as a new forming 
technology for materials such as Ti-6Al-4V alloy sheet, it is imperative to 
understand and determine under what conditions and to what extent the 
behaviour of Ti-6Al-4V in bending is representative to that in the roll forming 
process. This may allow applying simple bending tests to estimate the material 
behaviour of Ti-6Al-4V in the roll forming process. 
2.11 Summary 
The literature review has shown that there is an increasing trend in the 
automotive industry to reduce the weight of future vehicles. This is achieved 
either by using higher strength materials that allow the application in thinner 
gauges or by substituting steel with materials of lower density. However, the 
weight savings achievable with both approaches are limited. While the 
reduction in material thickness leads to the downgrading of a component`s 
stiffness common lightweight materials such as aluminium and magnesium 
show significantly lower material strengths compared to steel. To compensate 
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for this they generally have to be used at a higher thicknesses leading to higher 
material costs and reduced weight savings.  
Titanium sheet can show material strength levels that are comparable to those 
of current AHSS combined with a density that is 50 % lower compared to that 
of steel. It therefore allows the reduction in weight without compromising a 
part`s stiffness and is a promising candidate for the substitution of steel in 
structural automotive components. However, high strength titanium sheet 
generally shows limited formability, which precludes the cold forming with 
conventional processes, such as stamping and stretch forming. Additionally the 
combination of a high material strength and a Young`s modulus that is 50% 
lower than that of steel generally leads to significant problems with regard to 
springback during forming at room temperature. 
One forming process that allows the manufacture of complex shapes from 
materials that show limited ductility is roll forming. In roll forming a flat sheet 
is formed into shape by a series of roll stands with contoured rolls. The 
compensation for springback is flexible and can be achieved by very simple 
approaches making roll forming an ideal process for the forming of high 
strength materials. In addition to that the recent development of the flexible roll 
forming process enables the roll forming of structural components with 
variable cross-section, which has led to the increasing application of the roll 
forming process in the automotive industry. Roll forming is therefore a 
promising technology for the manufacture of automotive components from 
high strength titanium sheet. To achieve this, material behaviour of titanium in 
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the roll forming process needs to be known and understood. Additionally, 
material models need to be available that allow the numerical investigation and 
optimisation of cold roll forming processes involving high strength titanium 
sheet.  
Even though there is no previous work on the roll forming of titanium previous 
studies on the roll forming of advanced and ultra-high strength steels suggests 
that the roll forming of high strength material such as Ti-6Al-4V may lead to 
enhanced process robustness and a reduced likelihood of shape errors. This is 
due to an increased forming length that results in reduced plastic longitudinal 
deformation of the strip edge. This supports the approach of roll forming high 
strength titanium. Nevertheless, due to the low Young`s modulus of titanium 
there will be higher springback between the forming stations. Titanium further 
shows high material anisotropy and no previous studies focused on the effect 
of anisotropy on the material behaviour in the roll forming process. Further 
work is therefore needed focusing on the material behaviour of high strength 
titanium sheet in the roll forming process. Here especially the effect of a high 
material anisotropy and a low E-Modulus needs to be investigated and simple 
design rules for the roll forming of titanium developed.  
Due to the increasing customer demand for lower part tolerances, enhanced 
part variety and complexity in recent years CAD and FEA based design tools 
are increasingly used in the roll forming process design and several previous 
studies have investigated the accuracy of numerical roll forming models of 
AHSS. Additionally to that, extensive studies focused on the effect of process 
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parameters such as station distance, bending sequence as well as forming 
speed. Those studies suggested that sufficient model accuracy can be achieved 
for the roll forming of AHSS using constitutive material model based on the 
von Mises criterion. In contrast to that no numerical studies can be found on 
the roll forming of high strength titanium sheet; here especially its high 
material anisotropy and distortional hardening may require a more complex 
material model to sufficiently represent the material behaviour of titanium in 
numerical models of the roll forming process. 
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3 Forming of High Strength Titanium Sheet 
at room temperature 
3.1  Introduction  
In the previous chapter, it was shown that high strength titanium alloys such as 
Ti-6Al-4V sheet exhibit limited formability and high springback at room 
temperature, and this causes significant issues with conventional forming 
methods such as stamping [12]. Because of this titanium structural components 
made of simple bends at room temperature are brought to the final desired 
shape by an excess dimensional adjustment process the so-called hot sizing or 
using high temperature forming process. Previous research has mainly focused 
on improving the forming limits and reducing springback of Ti-6Al-4V sheet 
by forming at elevated temperatures [108, 122] and currently there is only a 
limited understanding of the forming behaviour and formability of Ti-6Al-4V 
at room temperature [12].  
In this chapter the material properties and forming limits of Ti-6Al-4V were 
investigated experimentally at room temperature via tensile and hemispherical 
stretch forming tests. Additionally to that roll forming and V- die bending trials 
were performed to analyse the material limits and springback behaviour of Ti-
6Al-4V in simple bending (single and incremental steps) and in the roll 
forming process. The results show that in roll forming a smaller minimum 
profile radius can be achieved and that springback is significantly lower 
compared to that observed when forming the same profile shape by V- die 
bending. But the springback in V-die forming was significantly reduced by 
incremental forming. This suggests that the lower springback determined in 
C H A P T E R  T H R E E  
56 
roll forming compared to single V- die bending step may be partially related to 
the incremental nature of roll forming process. The analysis of shape defects 
typical for roll forming such as end flare and bow indicates that the roll 
formability of Ti-6Al-4V is similar to that of AHSS commonly roll formed to 
automotive sections. This study therefore suggests that roll forming may 
represent a forming technology that allows the production of low cost Titanium 
sections at room temperature for automotive applications.  
3.2 Experimental work  
3.2.1 Material 
The Ti-6Al-4V investigated in this study is mill annealed (at 820°C) cold 
rolled sheet stock with a thickness of 2.0 mm and the nominal chemical 
composition given in Table  3-1. 
Table  3-1 Chemical composition of the Ti-6Al-4V determined by Optical Emission 
Spectrometry (OES). 
3.2.2 Microstructure Analysis 
The microstructure of the as- received Ti-6Al-4V sheet was investigated by 
scanning electron microscopy (SEM). The specimens were sectioned at angles 
0° and 90° to the rolling direction and prepared for microstructure 
characterization according to ASM standard procedure [180]. The specimens 
were subsequently ground using 240, 600, 1200 and 4000 grit SiC papers. A 
0.04 mP  colloidal silica was used to polish the specimens along with an attack 
polishing agent. The latter is made up of 10 mL  of hydrogen peroxide with 
30% concentration and 50 mL of colloidal silica. A SEM based angular 
Element C Si Mn Fe Mo Cr Ni Zr Cu 
% 0.037 0.015 0.0021 0.0341 0.0041 0.0032 <0.001 0.0017 <0.002 
Element Nb Al V O N H Ti 
% 0.035 6.01 4.15 0.02 0.02 0.002 rest 
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selective backscattered (SEM-AsB) imaging technique was employed for the 
microstructure characterization using a field emission scanning microscope 
(FE-SEM; Zeiss – SUPPRA 55-VP). Three images for each specimen were 
taken with a magnification of 4000X. The images were subsequently imported 
into the “image J” software [181] to determine the grain size and volume of 
phases composition. The size of grains was measured using the linear intercept 
method and the results were statistically averaged to provide an overall 
representation of the specimens’ microstructure. The backscattered electron 
images (AsB) in Figure  3-18 displays clearly the two distinct phases;D  andE , 
which are most easily identified by their relative contrasts. Hence by 
overlaying 25 x 25 grids over the imported images, volume fraction of the 
constituent phases could be measured by the standard point count method. 
3.2.3 Uniaxial tensile test 
A 100 kN  Instron machine was used to perform tensile tests at room 
temperature according to Australian Standard AS 1391-1991[182]. Specimens 
oriented 0°, 45°and 90° to the rolling direction (RD) were cut by guillotine 
shear machine and then machined to the required dogbone shape as seen in 
Figure  3-1. A cross - head speed of 2 mm/min was used and at least three tests 
performed for each specimen orientation.  
 
Figure  3-1 Dimensions and geometry of tensile test specimen. 
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The test sample was clamped between the grips of the tensile tester after 
measuring the initial thickness it and width iw . The gauge length was marked 
on the sample’s surface with an approximate length of 50 mm by two points. A 
non - contact extensometer was used to measure the exact distance between the 
two marked dots on the sample as the initial gauge length, and consequently 
recording the extension during the test. During the test the applied load > @F N is 
recorded by the photocell while the video extensometer records the engineering 
strain > @/e mm mm . The engineering stress > @S MPa was then calculated using: 
 
.
 
i i
FS
t w
 ( 3-1) 
The engineering strain e  and the engineering stress S were converted into true 
stress- strain relationship σ ε as follows: 
    ln  ;       ª º ª º   « » « »¬ ¼ ¬ ¼2
mm Nε 1 e σ S 1 e
mm mm
 ( 3-2) 
To describe the tensile behaviour for each sample direction tested, the Hook’s 
law (Equation 3-3) was fitted to the elastic portion of the σ ε curve, while its 
plastic part was modelled using the Swift hardening equation (Equation 3-4) 
[183] as follows: 
 . σ E ε  ( 3-3) 
    npy 0σ H ε ε  ( 3-4) 
In the above equations E represents the linear slope of the elastic portion of the 
σ ε curve as shown in Figure  3-2, H  the linear hardening parameter, n  the 
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hardening exponent, 0ε  the equivalent elastic strain and pε the equivalent 
plastic strain. The yield stress .0 2σ was determined as the intersection between 
the σ ε  curve and the parallel line to its linear elastic slope displaced at 
0.002 strain i.e. 0.2% offset strain method, as pictured in Figure  3-2 for a 
specimen tested along the transverse direction TD.  
 
Figure  3-2 Definition of yield stress, Young’s modulus and elastic limit for Ti-6Al-4V sheet 
oriented 90ι from RD. 
 
Another set of tensile tests was conducted under the same conditions to 
measure plastic anisotropy. Assuming volume constancy (Equation.3-5) during 
plastic deformation, the r- values in different material directions θr , from the 
RD, are defined as: 
    p p pl w tε ε ε 0  ( 3-5) 
  θ θ θ
  
p p
w w
p p p
t l w
ε εr
ε ε ε
 ( 3-6) 
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where plε , pwε  and ptε  are the longitudinal, transverse and thickness true plastic 
strains respectively. In order to determine pwε  and plε (Equation (3-6)) were 
calculated using Equation (3-7). The specimens were loaded to 5.0% 
engineering strain followed by stopping the tensile test. After release, the 
deformed dimensions; length fl  and width fw in Equation (3-7) were manually 
measured using a Vernier calliper with a measurement accuracy of 0.01 mm.  
 fp p il w
i f
l wε ε
l w
§ ·§ ·  ¨ ¸¨ ¸ ¨ ¸© ¹ © ¹
ln  ;       ln   ( 3-7) 
where il  and iw  stand for the initial length and width, respectively.  
3.2.4 Stretch forming tests 
Stretch forming tests with a hemispherical punch were carried out on an 
Erichsen testing machine at room temperature to determine the forming limit 
diagram (FLD); the test set up is shown in Figure  3-3. 
 
Figure  3-3 Schematic diagram of the tool setup used in the stretch forming test. 
 
Due to the limited amount of material available a punch diameter of 60 mm 
was used; this is lower than recommended in the ISO standard [184]. An 
optical strain measurement system “Autogrid Vario”[185] equipped with four 
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progressive scanning CCD cameras was employed to record the complete 
deformation history of each specimen. The material was screen printed with a 
square grid of 2 mm and specimens of various shapes, as shown in Figure  3-4, 
were formed to test a range of different strain paths. 
 
Figure  3-4 Specimen shapes used in the stretch forming test. 
 
To reduce friction at the interface between the specimen and the punch, a 
sandwich construction of LIPLEX-EP2 grease recommended for applications 
where high load and friction exist together with two polypropylene (PP) films 
was used, similar to that applied by Weiss et al.[186]. During the tests the 
specimens were placed on the bottom die, aligned accordingly, and then 
clamped on their edges with a blank holder force of 225 kN . The specimens 
were formed with a constant punch speed of 0.1mm/s until cracking occurred. 
Three replicates were performed for each set-up. The deformation of the square 
grids during testing was evaluated using the Autogrid Vario optical strain 
measurement system at a frame frequency of 3-5 pictures per second. The 
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major and minor forming strains were determined for each frame over a section 
cut x  that was oriented perpendicular to the direction of the crack as can be 
seen in Figure  3-5 and Figure  3-6. 
 
Figure  3-5 Section cut used to determine the evolution of major strain over the sample length 
perpendicular to the direction of the crack. 
 
Figure  3-6 Strain distribution over the length of the section cut x .  
 
The forming limit strains are defined as the forming strains at the onset of 
necking indicated by an increase in strain gradient  F x  calculated using:  
        f h fF
h
x xx  ( 3-8) 
C H A P T E R  T H R E E  
63 
Where ݄ represents the interval distance between two major strain points on 
the graph  f x  (Figure  3-7). To determine the onset of necking the true major 
strain  f x  and the gradient of true major strain  F x  were plotted as a 
function of the cross section length x for different test time delays 't  before 
fracture (Figure  3-7 and Figure  3-8). 
 
Figure  3-7 True major strain as a function of testing time before fracture. 
 
Figure  3-8 Gradient of true major strain as a function of testing time before fracture. 
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A slight increase in strain and strain gradient can be observed at . .'  t 0 33sec
and at a cross sectional length of . 30mmx and this indicates the onset of 
necking. The FLD was obtained by constructing a line connecting the major 
and minor strain values determined for all samples at the onset of necking. 
Previous studies have shown that stretch forming tests over a hemispherical 
punch can lead to errors due to the effect of the punch curvature. Charpentier 
showed experimentally that the forming limit strains increase with increasing 
punch curvature [187]. Shi and his co- worker found that the forming limit 
strains determined by stretching over a punch are generally higher compared to 
those analysed via in plane stretching and related this to strain gradients that 
result from the bending of the flat blank into a curved blank when formed over 
the punch surface [188, 189]. The effect of punch curvature can be corrected 
for by subtracting the amount of strain that is due to bending from the 
measured true strains at the convex side of the specimen [190] If a sheet is bent 
from flat to a particular curvature of radius R  its convex surface undergoes a 
combined loading of stretching and bending; the measured true strains (major 
and minor), mε at any point on the curved surface can be written as: 
  m stretching bendingε ε ε  ( 3-9) 
The true bending strain at a point on the convex surface distanced  ty 2  
from the middle surface of radius nR  can be expressed as follows[183]: 
 ln
§ · ¨ ¸© ¹
f
bending
n
tε 1
2R
 ( 3-10) 
C H A P T E R  T H R E E  
65 
Where ft  is the local thickness at the onset of necking and is given as a 
function of the initial thickness 0t  , the true major strain 1ε and the true minor 
strain 2ε measured on the convex surface. This takes into account the condition 
of volume constancy (Equation 3-5) [191] and leads to: 
  exp .  f 0 1 2t t ε ε  ( 3-11) 
3.2.5 Bend Forming 
3.2.5.1 Minimum bending radius 
The minimum formable bending radius was analysed using the swing folding 
device shown in Figure  3-9. Given that in the roll forming process the material 
is generally bent in transverse direction samples cut 90ι to the RD with a 
length of 75 mm and a width of 20 mm were tested. For this the samples were 
fixed on one end using a clamping device and then bent over a changeable die 
insert using a rotating bending arm. Dies of different radii 5,6,7,8 and 9 mm 
were tested and the samples were bent to a final bending angle of 90 degrees. 
A total of 3 replications were performed for each bend radius. After forming all 
samples were visually investigated for failure.  
 
Figure  3-9 Schematic diagram showing the swing folding test set up. 
 
C H A P T E R  T H R E E  
66 
3.2.5.2 V-die bending  
A 30 KN Instron machine was used to perform the V- die bending trials 
applying the tool set up shown in Figure  3-10 .Two profile radii of 15 and 5 
mm were analysed and an inner bending angle of 50° formed without the use 
of lubrication.  
 
Figure  3-10 Schematic diagram of the V- die test showing the dimensions and tool set, during 
loading. 
 
Specimens oriented in 90ι having a length and a width of 75 mm and 20 mm 
respectively were tested and three repetitions were performed for each test 
condition. Coining of the material was excluded by performing pre-tests and 
determining the maximum punch displacement possible. The specimens were 
placed on the die surface and then formed into the die valley with a crosshead 
speed of 0.1 mm/ min. This was then followed by the unloading of the punch. 
In the V-die bending test it is not possible to directly measure the exact 
forming angles while the specimen is under load and an optical method was 
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applied. For this photographs were taken under load and after release and 
images were imported into the CAD software package “SolidWorks” as it has 
been done in previous studies [192]. The profile shape of the photographed 
specimen was re-drawn, as can be seen in Figure  3-11, in form of the blue 
profile. The bending angle of the V - shape under load,θl  and after releaseθu  
was determined using the drawing and measuring tools available in 
SolidWorks. Both angles were measured between the walls of the V- section as 
pictured in Figure  3-12  and the change in angle θ=θ -θ' u l  was taken as the 
measure for springback. All bends were visually checked for cracks on the 
convex and the concave sides of the bending area. 
 
Figure  3-11 V- profile image used in combination with CAD to measure the bending angle  
before and after release. 
 
Figure  3-12 Schematic of angles measured before and after unloading to determine 
springback. 
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Because roll forming is an incremental forming process, V- die bending was 
approximately simulated by the same manner. This gives greater insight if the 
material behaviour in simple bending is representative for the roll forming 
process. For this purpose the V- profile of radius 15 mm was formed through 
incremental bending steps, five steps in total. For this, the punch was moved 
down in a number of forming steps N  followed by the release of the sample at 
the end of each step as shown in Figure  3-13. 
 
Figure  3-13 Schematic sketch showing the multi – step V- die bending test. 
 
The incremental punch strokes incS  were evenly distributed over the full punch 
displacement dS  and calculated using the equation (3-12). Springback was 
determined after the final bending step using the same optical technique 
mentioned above. 
  inc dS S N  ( 3-12) 
3.2.6 Initial trial of cold roll forming 
A simple V- shaped profile was roll formed on an industrial roll forming line 
using 5 forming passes and a station distance of 305 mm (Figure  3-14). Pre – 
cut strips of 2000 mm length and 75 mm width were used. The gap between 
the top and the bottom rolls was set according to the thickness and no lubricant 
was applied. Different profile radii of 5, 6.5, 7.51and 15mm were formed to 
C H A P T E R  T H R E E  
69 
determine the minimum formable profile radius. An equal incremental bend 
angle of 10° was formed in each station as can be seen in Figure  3-15 which 
shows the flower pattern (forming sequence) for the roll forming of a R15 
profile radius. The “constant bend length of neutral line method” was applied, 
where the length of the neutral line in the bend remains constant through all 
forming steps while the bend radius decreases incrementally as displayed in 
Figure  3-15 [133]. While the details of the process design parameters are given 
in Appendix A. All formed parts were visually checked for cracks. 
 
 
Figure  3-14 Industrial roll former used for the roll forming trials. 
 
 
Figure  3-15 Flower pattern for the R15 V-Profile roll forming. 
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The forming strains on the outer surface were analysed on three parts formed to 
the minimum formable profile radius using the Autogrid vario system in 
combination with a 1 mm square grid that was electrochemically etched onto 
the sample. All roll formed sections were investigated with regard to 
springback, end flare and bow. 
Figure  3-16 shows the measurement locations of final profile angle θ front ,θback  
and θF  on the V- roll formed part. The profile angle measurements were 
performed using an angle gauge. Springback was defined as the difference θ'  
between the final profile angle after release, θF  measured at the centre section 
of the profile (500 mm away from both profile ends) as shown in (Figure  3-16)  
and the desired profile angle of θ=80q  given by the contour of the final roll set 
(Figure  3-15). 
End flare is defined as the difference in final profile angle (θ front  θback ) between 
the front and the back ends (in this study at a distance of  A 250mm  away 
from the section edge), as sketched in (Figure  3-16), and the centre of the roll 
formed section θF  [193].  
Longitudinal bow was defined as the maximum height deviation of the 
centreline of the formed section from a straight ideal product, over the full 
length of the part as shown in Figure  3-17. To measure longitudinal bow the 
outer surface of the roll formed part was scanned using an “EXAscan” high 
resolution system [194] and the dimensions analysed and compared with those 
of the ideal product using the software package “Geomagic” [195]. 
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Figure  3-16 Schematic sketch of measurement positions for final profile angle on the roll 
formed V-part. 
 
 
Figure  3-17 Schematic of the definition of longitudinal Bow. 
3.3 Experimental results 
3.3.1 Microstructure and mechanical properties of Ti-6Al-4V 
The microstructure images of the Ti-6Al-4V alloy are shown in Figure  3-18 a 
and b for material oriented 0° and 90° to the RD, respectively. While the α 
phase is shown in dark and in form of equiaxed grains the β phase is 
represented by the bright regions. The microstructure contains a volume 
fraction of 93.86% of α and 6.14% of the β phase. The average grain size 
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measured using the linear intercept method was 1.3 ± 0.7μm with slightly 
elongated grains along the RD. 
 
 
Figure  3-18 Microstructure images of the as- received Ti-6Al-4V alloy determined by SEM; a)  
 longitudinal rolling (0°) direction, b) transverse (90°) direction. 
 
 
The true stress – strain curves are shown in Figure  3-19 for the three 
orientations analysed and the corresponding mechanical properties are given in 
Table  3-2. The Ti-6Al-4V shows high material anisotropy with the 45° 
specimen having lower yield strength and larger uniform elongation compared 
to the material oriented in the other two directions (Table  3-2). This difference 
in the tensile properties of Ti-6Al-4V depending on the specimen orientation is 
consistent with that found in the literature [196]. Once the ultimate tensile 
strength is reached necking develops very rapidly (Figure  3-19). This 
a) 
b) 
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behaviour is different to what has been observed in commercial pure titanium 
alloy such as CP-Ti where diffuse necking generally occurs before fracture 
[102]. 
 
Figure  3-19 True stress – strain curves for 0°, 45°and 90° to the rolling direction determined at 
room temperature. 
 
Table  3-2 Mechanical properties and anisotropic coefficients of Ti-6Al-4V at room 
temperature.  
θ q  E  > @GPa  0
ε
> @mm mm/  
.0 2σ  
> @MPa  
. .U T Sσ  
> @MPa  
H  
> @MPa   n  
Uniform 
elongation
> @%  r-value 
0 104 0.0115 1018 1176 1346 0.06 9.22 2.82 
45 107 0.0104 993 1055 1116 0.03 10.13 4.15 
90 112 0.0107 1083 1170 1265 0.04 8.56 3.35 
3.3.2 Forming Limit Diagram 
During the stretch forming tests samples fractured at the summit of the 
hemispherical punch (Figure  3-20). This indicates that friction between the 
hemispherical punch and the specimen was small as it is recommended for 
forming limit strain analysis. Similar to the tensile tests failure was very 
sudden without the development of a distinct neck before fracture.  
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Figure  3-20 Fractured sample giving plane strain after fracture; a) Deformed sample view, b) 
Autogrid strain measurement performed on the critical testing area. 
 
Figure  3-21 shows the initially measured FLD and the FLD values after 
correction.  It can be seen that the minimum major strain of the measured FLD 
is shifted towards biaxial strain by ~ 5.0%. Similar shifts of the major strain 
minima have been reported by other authors who applied the same test set up 
as used in this paper to determine the forming limits of cryo-rolled aluminium 
[197] and dual phase steel (DP600) [198]. A shift of the major strain minima 
was also found for commercial purity titanium (CP-Ti) where a punch diameter 
of 78 mm was used [102]. However, our results are different to some previous 
studies on Ti-6Al-4V where the minimum major strain was located at the plane 
strain axis [199]. This may be due to the use of a small punch diameter in our 
study and the resulting introduction of biaxial strain in the first seconds of the 
test [190, 200, 201]. Correcting for the effect of punch curvature leads to the 
decrease of the forming limit strains and the shift of the measured curve closer 
to the ideal plane strain condition (Figure  3-21), which is in agreement with the 
literature [187]. Nevertheless, as can be seen in Figure  3-21 even after this 
correction the FLD curve is still shifted towards positive minor strain. Sharvari 
a) b)
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at al. [202] attributed this shift to the non-uniformity in thickness strain due to 
the biaxial stretching component resulting in a nonlinear strain path. This was 
not considered in the current study.  
 
 
Figure  3-21 Measured and corrected Forming Limit Diagram (FLD) of Ti-6Al-4V determined 
at room temperature for sheet thickness 2.0 mm. 
 
3.3.3 Material behaviour in bending and roll forming 
3.3.3.1 Minimum formable profile radius 
In Table  3-3 the minimum bending radii achieved with the different forming 
methods are shown. Both the swing folding and V- die bending test allowed 
the forming of a minimum bending radius of 9.0 mm, which is in agreement 
with previous results found in the literature for bending Ti-6Al-4V sheet [193, 
203]. A lower profile radius of 7.51 mm was observed in the roll forming 
process, which represents an improvement of over 15% compared to simple 
bending.  
Table  3-3 A comparison of forming radii achieved in swing folding, V-die bending and roll 
forming. 
Forming method (thickness 2.0 mm) Minimum bending radius (mm) 
Swing folding  9.0 
V-die bending 9.15 
Roll forming  7.51 
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The distribution of major strain measured in the centre region of the roll 
formed part over a length of 250 mm (Figure  3-22 a) is shown in Figure  3-22 b. 
Two measurements were performed; one in the bend line of the profile radius 
and another 2 mm away from it. Both show that deformation is uniform 
without any indication of strain localisation. Given that the profile radius of 
R7.51 represents the minimum roll formable radius this result confirms the 
material behaviour observed in the tensile tests were the material showed no 
necking or strain localisation before fracture. 
  
 
Figure  3-22 a) Permanent true major strain on the outer surface of the minimum roll formable  
radius of 7.51 mm, b) Distribution of true major strain along 2 section cuts made  
in the profile radius. 
 
3.3.3.2 Springback behaviour 
The measured springback angles determined for the bent and roll formed V-
section profiles are shown for a profile radius of 15 mm in Figure  3-23. The 
variations in the measured values are calculated and given as standard 
deviation (error bar) in this figure. The springback results for the minimum 
profile radii formable in both roll forming and V-die bending (7.51 and 9.15 
mm respectively) are also shown. It can be seen that for both forming 
a) b) 
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operations, springback increases with increasing profile radius formed. 
Comparing the springback angles measured in both processes for the forming 
of a profile radius of 15 mm suggests that springback in roll forming is more 
than 30% lower compared to that in V-die bending. This has been reported in 
previous studies that focused on bending and roll forming of steel sheet [179]. 
 
Figure  3-23 Springback versus bend radius for both roll forming and V- die bending. 
 
The springback angles determined in the incremental V-bend tests are shown 
for bending radius R15 in Figure  3-24 along with their standard deviations 
(error bar). It can be seen that springback decreased in a linear manner with the 
number of forming steps used to form the radius. However the magnitude of 
springback reduction obtained with increasing the number for forming steps 
reduced significantly when using more than 3 incremental forming steps. The 
trend of this results is similar to what has been reported for AHSS ( DP780) 
using the incremental forming approach [204].  
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Figure  3-24 Change of Springback with incremental V- bending for R15. 
 
3.3.3.3 Roll forming shape defects 
End flare 
The end flare measured on the roll formed V- section with a 15 mm profile 
radius is shown in Figure  3-25 with the uncertainty in the measurements given 
by the standard deviation ( error bars). The material flares out at the back end 
of the section (positive sign) and flares in at the front end (negative sign). The 
overall amount of end flare at the end and the front of the section is comparable 
to that observed for DP780 steel of 2 mm thickness roll formed using the same 
set up and final shape [193]. This is surprising given that the literature 
indicates that end flare depends on material strength [133]. The yield strength 
of the Ti-6Al-4V investigated in this study is almost two times that of the 
DP780 and this would suggest major differences in end flare between both 
material grades for the same roll forming set up. 
Longitudinal bow 
The distribution of longitudinal bow height along the part length is shown for 
the 15 mm profile radius in Figure  3-26. The result represents 3 measurements 
that were averaged and shows that bow is symmetric over the length of the 
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strip. The maximum bow height is 10mm; this is significantly lower compared 
to the maximum bow heights reported for DP780 steel in previous studies [193, 
205] and leads to a straighter profile. Previous studies suggest that higher 
strength materials generally show less bow due to a lower tendency of 
developing positive plastic longitudinal strain in the strip edge during roll  
forming [133, 143].  
 
Figure  3-25 End flare of Ti-6Al-4V at the front and back end for a profile radius of R15. 
 
Figure  3-26 Longitudinal bow measured for a roll formed  profile of radius 15 mm compared 
to that reported for DP780 [205, 206]. 
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3.4 Discussion 
Material formability 
The Ti-6Al-4V sheet alloy investigated in this study shows high strength 
combined and strong material anisotropy (r- value) as shown in Table  3-2. The 
strong anisotropy is also indicated by the large differences in yield strength and 
total elongation between samples oriented 45° to the RD and those tested for 
the other two directions. This is in accordance with previous literature 
indicating that in titanium the activation of slip systems during deformation is 
sensitive to the loading direction. Peters el al. [196] reported that in titanium 
sheet the highest levels of tensile yield strength are obtained when the c- axis 
of the hexagonal closed packed (HCP) unit cell is parallel to the testing 
direction (specimens oriented 0ι and 90° to the RD), while the lowest material 
strength was observed when the angle between the c- axis and the loading 
direction was 45° (specimens oriented 45° to the RD) [207].  
Only very limited necking or strain localisation was observed and fracture was 
very sudden. The uniform elongation was below 9% for samples oriented 0° 
and 90° to the RD and around 11% for those tested 45° to the rolling direction 
indicating limited formability (Figure  3-19). This was verified by the stretch 
forming tests where very sudden fracture without the formation of a neck was 
observed and a plane strain forming limit minimum below 10% was 
determined. The swing folding and V-bending trials further revealed a 
minimum bending radius of more than four times the material thickness and a 
very high tendency to springback.  
These formability characteristics combined with the very limited material 
hardening observed in the tensile test for all specimen orientations (Table  3-2) 
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makes this material very difficult to form at room temperature via stamping or 
deep drawing. In the current study Ti-6Al-4V showed a high ratio of yield 
strength to tensile strength 0.865, 0.941 and 0.925 in the 0ι, 45ι and 90ι 
respectively at room temperature. However from the forming point of view, a 
lower yield strength with a large difference to the tensile strength and high 
elongation are beneficial for the conventional forming processes [133]. In deep 
drawing process, material should have a lower yield to tensile stresses ratio for 
better work hardening effect [208] . In stamping, it is difficult or even 
impossible to form material such as Ti-6Al-4V with poor formability at room 
temperature and excessive springback. Hot sizing operation is commonly 
needed after cold forming to compensate for the springback and correct the 
dimensions of formed parts, combined with stress relief treatment to restore the 
compressive strength [209]. 
Roll formability 
The roll forming trials revealed that a lower minimum bending radius can be 
achieved in roll forming compared to simple bending (Table  3-3) representing 
an improvement of formability by 15%. Springback is reduced more than 30% 
(Figure  3-23). The surface strain measurements performed on the profiles roll 
formed to the minimum formable profile radius of 7.51 mm do not show any 
sign of strain localisation or necking (Figure  3-22) and this confirms that the 
formed profile is safe. Both the higher material formability and the lower 
springback may be due to the incremental nature of the roll forming process 
where the material is bent incrementally in successive roll forming stands. This 
hypothesis has been further verified with the incremental V- die deformation 
showing that incremental bending offers a higher robustness to springback 
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compared to simple bending in single step (Figure  3-24). Previous studies have 
shown that in incremental forming the growth of a crack can be supressed 
giving improved formability [210] and a similar mechanism may have led to 
the lower minimum profile radius achieved in roll forming compared to one 
step swing folding or V-die bending. Another study analysing springback in 
single and multistep V-die bending reported a reduction in springback with 
increasing number of bend forming steps [204, 211], which agreed with the 
current results of using the same incremental bending approach on Ti-6Al-4V 
(Figure  3-24). This suggests that the lower springback observed in roll forming 
compared to single step V-die bending may be partly due to the higher number 
of bend forming steps applied in the roll forming process. Other authors 
attribute the lower springback in roll forming compared to bending to the 
presence of redundant deformations in the roll forming process [133].  
The Ti-6Al-4V shows a tendency for roll forming shape defects that is lower or 
comparable to that observed for lower strength DP780 steel. It allows the 
manufacture of longitudinal profiles with high product straightness. This is 
indicated by the low bow height observed for sections roll formed from Ti-
6Al-4V (Figure  3-26 ) which is about 30% less compared to that observed for 
lower strength DP780 steel roll formed under the same conditions. Previous 
studies have attributed the decrease in bow with increasing material yield 
strength to a higher resistance to developing permanent longitudinal strain in 
the strip edge [16, 143]. The Ti-6Al-4V shows a low tendency for end flare and 
this fits with previous studies which revealed that end flare in roll formed 
sections decreases with increasing material strength [212]. A high material 
yield may lead to a reduced likelihood of developing permanent redundant 
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deformation or residual stress during roll forming and through that may give 
less end flare. 
3.5 Conclusion 
The formability of high strength Ti-6Al-4V at room temperature was 
experimentally investigated via tensile, stretch forming and bending tests. The 
possibility of roll forming Ti-6Al-4V sheet at room temperature to longitudinal 
sections was further analysed. The following conclusions can be made: 
• Ti-6Al-4V has very limited formability and shows sudden fracture 
without the development of a distinct neck.  
• Ti-6Al-4V shows a high tendency for springback. The multi-step 
bending tests showed that springback reduces with the number of forming steps 
that are used to form the section. 
• In roll forming Ti-6Al-4V sheet can be formed to tighter profile radii 
(15% improvement) and show less springback (35% improvement) compared 
to simple bending.  
• Roll forming Ti-6Al-4V sheet leads to less shape defects compared to 
high strength steel. 
This study suggests that roll forming may be a potential solution for the room 
temperature forming of high strength titanium sheet to structural sections for 
applications in the aerospace and the automotive industry. 
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4 Yield surface of Ti-6Al-4V at room 
temperature 
 Introduction  4.1
In Chapter 2, there have been various experiments conducted to measure and 
validate the yield loci for a number of sheet metals such as steel [213, 214], 
aluminium [215, 216], magnesium [217, 218] and CPTi [92, 219]. Studies such 
as Kuwabara et al. [220] revealed that yield functions significantly affect the 
predictive accuracy of the deformation behaviour of the material. However, no 
experimental work was reported for the actual yield locus of Ti-6Al-4V at 
room temperature. Therefore, it is still questionable whether the available 
anisotropic yield functions are capable of reproducing the deformation 
behaviour of Ti-6Al-4V under multiaxial loading conditions. 
The main purpose of this chapter is to characterize the inelastic behaviour of 
Ti-6Al-4V sheet metal and thus analyse the yield surface at room temperature 
under different-stress states. For this, the elastic – plastic quasi-static 
deformation behaviour of Ti-6Al-4V will be measured using a set of 
experiments including tensile and compression tests, biaxial tension tests with 
cruciform specimens and plane strain tensile test, which will be explained in 
detail in this chapter. The experimental results will be analysed and validated 
using the Hill’s 48 quadratic and the non-quadratic YLD2000-2D yield criteria. 
Based on that, a new yield function will be developed for the Ti-6Al-4V alloy. 
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 Experimental procedure 4.2
For simple materials the standard uniaxial tensile test is often sufficient to 
determine the material parameters for both the yield function and the hardening 
model. However, to improve model accuracy additional test methods are 
applied. Those include the in – plane biaxial tension tests using cruciform 
specimens [221] to determine biaxial yield strength bσ  and the anisotropy 
coefficient br required for the non-quadratic YLD2000-2D yield criterion. 
Additionally to that the plane strain tensile test [222] is often used to calibrate 
and quantify the yield criterion for the plane stress condition. Therefore in the 
following sections the important mechanical tests for characterization the 
quasi-static mechanical response of Ti-6Al-4V alloy sheet conducted at room 
temperature will be presented. 
4.2.1 The as- received material 
There is a point that has to mentioned here, in fact, it had been initially planned 
to characterize the Ti-6Al-4V alloy sheet using the simple shear test, but 
because the constraint of machine’s grippers to the material thickness, 1.5 mm 
maximum. It has been therefore recommended to replace the sheet thickness of 
2.0 mm as used in Chapter 3 by that of 1.17 mm with the same as- received 
condition. When it comes to the shear test after performing all the other 
mechanical tests, it was found out that the applied shear force exceeded the 
limit of the hydraulic pressure of the machine (25 MPa) and thus the machine 
could not conduct the test. For this reason it is assumed substituting the as-
received material thickness by 1.17 mm instead of 2.0 mm would not lead to a 
significant difference to construct the yield surface of Ti-6Al-4V. This 
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assumption has been well-verified through the comparison of the tensile results 
of the sheet thickness 1.17 mm (Section 4.3-Figure  4-12 ) with those 
previously measured in Chapter 3 for thickness 2.0 mm (Section 3.3.1-
Figure  3-19) and similar trend was found. In terms of material modelling, a 
given material is usually characterized using a particular thickness and then the 
developed model is capable of describing the inelastic behaviour of other 
thicknesses as well. 
4.2.2 Material anisotropy in tension 
Quasi- static tensile tests were conducted at room temperature with a 500 kN 
universal testing machine at a constant strain rate of 10-3 1s  as advised by 
Thomas and his co-worker [223]. In order to measure material anisotropy 
specimens oriented 0°, 15ι, 30ι,45ι,60ι,75ι and 90ι to the rolling direction RD 
were tested following the ASTM E8 standard [224]; the sample shape used is 
shown in Figure  4-1. Longitudinal and transverse strains were measured 
applying two independent extensometers installed along the axial and the width 
directions of the tensile specimen as can be seen in Figure  4-2.  
 
Figure  4-1 ASTEM E8 tensile test specimen shape [224]. 
 
C H A P T E R  F O U R  
87 
 
 
Figure  4-2 Uniaxial tensile test applying longitudinal and transverse extensometers. 
 
Three repetitions were performed for each test condition and the results 
averaged. For each test the true stress σ  and true longitudinal strain lε  curve 
as well as the .0 2σ (i.e.0.2% offset method) and E were determined using the 
same procedures given in Chapter 3 (Section 3.2.3).While the true strain in the 
width direction wε  was determined as described in [183] using 
  ln w wε 1 e  ( 4-1) 
 where we  corresponds to the engineering strain measured via the transverse 
extensometer. Beyond the yield limit, i.e., the 0.2% offset strain, the true 
plastic strains plε  and pwε  were calculated from the measured total strains (i.e. 
the hardening curves) in longitudinal and transeverse direction, respectively, by 
subtracting the incremental elastic strains that accumulated with each 
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increment of plastic deformation according to Lademo et al.[225] using the 
relation  
 p pi il total w w
σ σε ε ε ε ν
E E
     ;      ( 4-2) 
where iσ is the increment of flow stress and totalε  stands for equivalent plastic 
strain. The Young’s modulus E was calculated as described in Chapter 3- 
Section 3.2.3. The Poisson’s ratio ν was determined from the absolute value of 
linear regression slope of the w lε ε relationship defined within the elastic part 
of the  lσ ε  curve, as shown in Figure  4-3 for tensile sample tested along the 
RD. 
 
Figure  4-3 Evaluation of Poisson’s ration, for instance, tensile sample tested along RD.  
 
Based on Equation (4-2) the transverse true plastic strain can be calculated for 
each direction and plotted as a function of longitudinal plastic strain as it is 
shown in Figure  4-4 for sample orientations 0ι,45° and 90°.The Lankford 
coeffecient θr is determined using Equation (3-6 ) given in Chapter 3 (Section 
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3.2.3) based on the hypothesis of volume constancy during plastic deformation 
(Chapter 3, Equation3-5) . From the gradient of the linear regression m  of the 
plot p pw lε ε  shown in Figure  4-4, the r-value is then calculated with Equation 
(4-3) . It is worth noting that all r-values were determined over a range of plε : 
.d tpl0 ε 005  and were found to be constant in this measurement range for all 
sample orientations tested.  
 θ
θ
 
mr
1 m
 ( 4-3) 
 
Figure  4-4 Transverse vs. longitudinal true plastic strain measured in the tensile test. 
 
4.2.3 In plane biaxial tension test using cruciform specimens 
To determine the initial yield locus in the positive quadrant in the 2-D stress 
space in - plane biaxial tensile tests were conducted using cruciform shaped 
specimens as proposed by Kuwabara et al. [221, 226] and used for high 
strength steels [227]. The testing machine is equipped with two pairs of 
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cylinders aligned in the x  and y directions. Details of the in-plane biaxial 
tensile machine and the set-up used in this study are shown in Figure  4-5. The 
tensile forces xF  and yF  measured by a load cell placed in each arm and 
regulated to give specific load ratios for x y:F F  by the servo- controlled 
actuators. The tests were performed with three load ratios, 2:1, 1:1 and 1:2 at 
strain rate of approximately 10-3 1s by controlling the crosshead speed of the 
actuators. Three tests were performed for each load ratio. The geometry of the 
cruciform specimen used in this study is shown in Figure  4-6 as proposed by 
Kuwabara et al. [226]. The specimens were cut and fabricated from the as 
received Ti-6Al-4V sheet using laser machining. The specimen surface was 
spray- painted with a stochastic pattern of white and black speckles. 
For each test the specimen was first aligned and then gripped in the centre of 
the apparatus with four chucks aligning the RD and the TD of the specimen 
with the x  and y  arms of the machine (Figure  4-5). A digital image 
correlation (DIC) technique was applied to measure the true strain in the gauge 
area (area of interest AOI). This technique is well suitable for full field and 
non- contact measurement of 3D deformations [228-230]. The DIC is equipped 
with a light source and two synchronized digital cameras to record the full 
deformation process (Figure  4-5). The strain computation is based on image 
correlation where an image of the deformed specimen is compared with that of 
the undeformed state (or reference configuration) assuming the conservation of 
the volume. 
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Figure  4-5 Experimental setup for the in - plane biaxial tensile test with DIC. 
 
Figure  4-6 Shape and dimensions of the cruciform specimen [226]. 
 
The VIC-3D software package [231] was used to calculate the true strains xxε  
and yyε  in the AOI during deformation as shown in Figure  4-7 for xxε  during 
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loading. The true stresses xxσ  and yyσ  were determined with Equation (4-4), 
according to Kuwabara et al.[221] and Mulder et al. [232]. These stress 
components were calculated by dividing the recorded tensile loads xF  and yF  
by the current cross- sectional area of the gauge section, which was determined 
from the measured values of the plastic strain component piε with the condition 
of constant volume using 
    pi 0 iσ F A ε i exp .  ( 4-4) 
where 0A  denotes the initial cross- sectional area and i  stands for the loading 
direction. The anisotropic biaxial coefficient br  is defined as the slope of the 
linear fit to the true plastic strain ratio between the TD and the RD. 
 yy xx p pbr ε ε  ( 4-5) 
 
Figure  4-7 Cruciform specimen of speckled surface showing the distribution of true strain xxH  
over the AOI during biaxial loading 2:1. 
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4.2.4 Plane strain tensile test 
With an ordinary tensile test set up, the plane strain tensile test (PSTT) was 
performed to experimentally evaluate the accuracy of the yield function. The 
geometry and dimensions of the specimen are shown in Figure  4-8 according 
to Vegter et al.[214]. Two in-plane loading directions RD and TD were 
analysed and three tests were performed for each orientation with the same 
strain rate as used in the uniaxial tensile tests (Section 4.2.2). Similar to the in - 
plane biaxial test in Section 4.2.3 the specimens were prepared with a speckle 
pattern and the true strain field over the specimen’s surface was recorded using 
the DIC and then computed by the VIC-3D. The heterogeneous plane strain 
state resulting from the uniaxial stresses at the edges [222] was excluded from 
the measurement by only taking into account the central region (AOI) of the 
specimen as illustrated in Figure  4-9. The true stress along the loading 
direction was then calculated based on Equation 4-4. In Figure  4-9 it can be 
observed that fracture occurred along the transverse centre of the specimen, 
which is an indication for a successful plane strain tension test.  
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Figure  4-8 Geometry of the plane strain tensile specimen. 
 
Figure  4-9 Plane tensile strain distribution at fracture for specimen 90ι with the AOI. 
 
4.2.5 Strength differential and the Bauschinger effect 
To characterize material asymmetry in tension and compression as well as the 
Bauschinger behaviour upon reverse loading in- plane continuous tension- 
compression (T-C) and compression – tension (C-T) tests were performed at 
room temperature. The experiments were carried out using the experimental set 
up described by Kuwabara et al. [233]. Pin loaded samples were laser cut 
oriented in the RD and the TD. The geometry of the test specimen with a gauge 
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section 25 mm wide and 50 mm long is shown in Figure  4-10. Strain controlled 
tests were performed to a strain amplitude of ± 4.0% at a strain rate of 10-3 1s . 
 
Figure  4-10 Geometry of the in – plane tension compression specimen. 
 
To prevent buckling in the axial direction during compressive loading, a 
vertical force of 7.84 kN  was applied during the test. This force is a source of 
friction and biaxial stress and may result in the overestimation of the measured 
stress. The effect of the vertical force therefore was excluded by calibration 
[234]. For this purpose conventional tensile tests were performed with and 
without a clamping force on specimens oriented 0° and 90° to the rolling 
direction. Comparing both tests the correction factor was estimated to be 5.5%. 
Since the compression test could not be performed without clamping force, the 
correction value determined in tension was applied to eliminate the effect of 
friction and biaxial stress in compression. To determine the Bauschinger effect 
the Bauschinger ratio eB  was calculated using [235] 
 f re
f
σ σ
B
2σ
  ( 4-6) 
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where fσ  denotes the flow stress at the start of unloading and rσ  is the early 
re-yielding stress on reverse loading, defined by the 0.2% offset as pictured in 
Figure  4-11.  
 
Figure  4-11 Evaluation of fσ  and rσ upon reverse loading by 0.2% offset method for a 
specimen oriented 0° from RD.  
 
 Experimental results  4.3
4.3.1 Quasi-static tension and anisotropic properties 
The averaged true plastic stress – strain curves obtained from the quasi- static 
tensile test are shown in Figure  4-12 for the various loading directions tested. It 
can be seen that there are differences in yield and flow stress as well as % 
uniform elongation depending on the sample orientation. The 0 2σ . and the yield 
stress normalised to the rolling direction RD as well as the . .U T Sσ  are shown for 
all sample orientations in Table  4-1 together with the r - values determined 
using Equation 4-3. The results are in accordance with those previously 
reported for conventional Ti-6Al-4V alloy sheet [196, 236]. 
C H A P T E R  F O U R  
97 
 
 
Figure  4-12 True plastic stress- strain of Ti-6Al-4V at different directions. 
 
 
Table  4-1 In - plane tensile yield stress and r -value for the various sample orientations tested. 
θ  0° 15° 30° 45° 60° 75° 90° 
> @.0 2σ MPa  1064.0 1056.0 1041.0 1040.0 1055.0 1075.0 1087.0 
θ .0 2RDσ σ  1.0 0.992 0.978 0.9774 0.991 1.010 1.021 
> @. .U T Sσ MPa  1143 1124 1109 1073 1070 1107 1156 
r -value 2.57 2.82 3.34 3.80 3.74 3.16 3.10 
 
4.3.2 Asymmetry yielding and mechanical response on reverse 
loading 
The average effective stress – strain response measured from the continuous T-
C and C-T tests along the RD and the TD are compared to the monotonic 
tensile curves in Figure  4-13 and Figure  4-14 respectively. Here, the reverse 
flow curve of the T-C was moved to the tensile domain. The results of the C-T 
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were plotted by translating the original figures by 180° with respect to the 
origin and moving the bottom half to the top quadrant to allow the comparison 
with the T-C curve.  
 
Figure  4-13 Experimental tension /compression and compression / tension test results 
compared to the monotonic tensile test for the RD. 
 
Figure  4-14 Experimental tension / compression and compression / tension test results 
compared to the monotonic tensile test for the TD. 
 
It can be seen that the Ti-6Al-4V exhibits an insignificant asymmetry between 
tension and compression at the onset of yielding in both the RD and the TD. 
The tensile and compressive yield stresses (0.2% offset) where 1064 and 1080 
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> @MPa  respectively for the RD and 1087and 1105 > @MPa  in TD. This 
corresponds to results reported for this alloy elsewhere [98]. However when 
the material is strained by compression first followed by tension the flow curve 
showed higher hardening compared to the curve involving tension followed by 
compressive deformation. This distortion in hardening evolution is more 
pronounced in the TD compared to the RD.  
Upon reverse deformation Ti-6Al-4V showed pronounced Bauschinger effect 
and transient hardening behaviour. The Bauschinger ratio eB was empirically 
quantified using Equation 4-7 from the T-C test at 4.0% pre-strain. It was 
found to be 0.74 and 0.71 for the RD and the TD respectively. This means that 
the TD exhibits a slightly larger Bauschinger effect. No permanent softening 
was observed as indicated by the reverse flow curve fully recovering the stress 
levels of forward flow curve (Figure  4-13 and Figure  4-14). 
 Yield function of Ti-6Al-4V at room temperature 4.4
Based on the experimental observations presented in Section 4.3 two 
anisotropic yield functions, Hill’s 48 [93] and YLD200-2D [237] were used to 
model the initial yield surface of the Ti-6Al-4V alloy. For plane stress 
conditions and considering the axis of orthotropic anisotropy as the reference 
axes, Hill48 yield criterion can be reduced to a quadratic function as follows: 
      xx xx yy yy xy       2 2 2 2ijφ σ σ G H 2Hσ σ σ F H 2Nσ σ  ( 4-7) 
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where xxσ , yyσ and xyσ refer to the non-zero in-plane stress components. G , H
, F  and N  are the material orthotropy coefficients that may be determined by 
following a stress based or strain (anisotropy coefficients) based approach. In 
the current study, the experimental values of 0σ , 45σ , 90σ  and 0r  presented in 
Table  4-1 were used as input parameters to evaluate the initial yield surface of 
Ti-6Al-4V using the quadratic Hill’s48 yield function.  
Barlat et al. [237] proposed a non-quadratic yield function by performing two 
independent linear transformations on the Cauchy stress tensor the so called 
YLD2000-2D. This yield function is particularized for plane stress (2D) of 
eight anisotropy material parameters as can be expressed by: 
 
§ ·  ¨ ¸© ¹
1 Mφ φφ σ
2
 ( 4-8) 
Where,  
   M1 2φ X X  ( 4-9) 
 
M M
2 1 1 2φ 2X X 2X X     ( 4-10) 
where the exponent M  is related to the crystal structure of the material as 
given as in Equation (4-8). ,1 2X  and ,1 2X  are the principal values of the stress 
tensors X  and X  respectively, whose components can be obtained from 
performing two linear transformations on the Cauchy stress σ  and the 
deviatoric Cauchy stress tensors S  as follows: 
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  X CS = CTσ = Lσ  ( 4-11) 
  X CS = CTσ = Lσ  ( 4-12) 
Where the transformation matrix T  (Equation 4-13) transforms the Cauchy 
stress σ  into its deviator S , while the other transformations C  and C  are to 
introduce the anisotropy. The products of two transformations are represented 
as L  and L  which can be given in form of matrix as  
 
§ ·¨ ¸ ¨ ¸¨ ¸© ¹
2 3 1 3 0
1 3 2 3 0
0 0 1
T  ( 4-13) 
 
11 12
21 22
66
X σL L 0
X L L 0 σ
0 0 L σX
§ · § ·§ ·¨ ¸ ¨ ¸¨ ¸ ¨ ¸ ¨ ¸¨ ¸¨ ¸ ¨ ¸¨ ¸¨ ¸ © ¹© ¹© ¹
xx xx
yy yy
xyxy
 ( 4-14) 
 
11 12
21 22
66
X σL L 0
X L L 0 σ
0 0 L σX
§ · § ·§ ·¨ ¸ ¨ ¸¨ ¸ ¨ ¸ ¨ ¸¨ ¸¨ ¸ ¨ ¸¨ ¸¨ ¸ © ¹© ¹© ¹
xx xx
yy yy
xyxy
 ( 4-15) 
Where the coefficients of L  and L  are expressed as: 
 
1
2
722
66
L 2 3 0 0
L A1 3 0 0
L A0 1 3 0
0 2 3 0 AL
0 0 1L
§ · § ·¨ ¸ ¨ ¸ § ·¨ ¸ ¨ ¸¨ ¸¨ ¸ ¨ ¸  ¨ ¸¨ ¸ ¨ ¸¨ ¸¨ ¸ © ¹¨ ¸¨ ¸ ¨ ¸¨ ¸ © ¹© ¹
11
12
21
/
/
/
/
 ( 4-16) 
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3
4
5
622
866
L A2 2 8 2 0
L A1 4 4 4 0
1L A4 4 4 1 09
A2 8 2 2 0L
A0 0 0 0 9L
§ ·   § ·§ ·¨ ¸ ¨ ¸¨ ¸ ¨ ¸ ¨ ¸¨ ¸¨ ¸ ¨ ¸¨ ¸  ¨ ¸ ¨ ¸¨ ¸ ¨ ¸ ¨ ¸¨ ¸¨ ¸ ¨ ¸¨ ¸¨ ¸ © ¹© ¹© ¹
11
12
21  ( 4-17) 
Due to the fact that the linear transformations (Equations 4-16 and 4-17) are 
incorporated with 8 anisotropy coefficients  o1 8A A , it is required to have 8 
material characteristics for evaluating the initial yield locus of Ti-6Al-4V using 
the non-quadratic YLD-2000-2D. These coefficients were determined from the 
tensile parameters of 0σ  45σ , 90σ , 0r , 45r , and 90r  given in Table  4-1 with the 
biaxial coefficients bσ  and br determined in the equi-biaxial tension test and 
given in Table  4-2. The yield stresses obtained from the cruciform test at 
different load ratios (Section 4.2.3) are summarized in Table  4-2 as well and 
were normalized to those determined for samples oriented in the RD.  
Table  4-2 The yield stress components of Ti-6Al-4V sheet obtained from a) the in - plane 
biaxial cruciform tension test; b) the plane strain tensile test. 
a) 
xx yy:σ σ  xxσ  yyσ  bσ  br  
1:1 1.0244 1.0132 1.0188 1.289 
2:1 0.989 0.526 - - 
1:2 0.464 1.09 - - 
b) 
 οplaneσ 0  1.12 0   
 οplaneσ 90  0 1.15   
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To model and calibrate the YLD2000-2D yield function the exponent M  
which is related to the crystal structure of the material was set at different 
values; M  = 6 for BCC, M  = 8 for FCC [238, 239] and M = 12, and the 
resulting yield surface compared to experimental data. Figure  4-15 shows the 
comparison between the predicted initial yield loci and the three stress states 
experimentally analysed in this study; uniaxial tension, in - plane biaxial 
tension and in - plane compression. The anisotropy coefficients of the 
quadratic and the non-quadratic yield functions were calculated using a non-
linear Newton – Raphson solver and are given in Table  4-3.  
 
Figure  4-15 Experimental yield points and predicted yield surfaces from two different yield 
criteria. 
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Table  4-3 Anisotropic parameters of Hill’s 48 and YLD2000-2d for different values of M  
Hill48 F  G  H  N       
 0.416 0.463 0.537 1.654      
YLD2000-2D 
M  1A  2A  3A  4A  5A  6A  7A  8A  
6 1.066 1.055 1.233 0.934 0.905 0.90 1.101 0.761 
8 1.064 1.02 1.136 0.948 0.933 0.965 1.086 0.838 
12 1.053 0.994 1.074 0.959 0.955 0.978 1.064 0.918 
 
It can be seen in Figure  4-15 that except for the plane strain condition the 
Hill48 as well the Yld2000-BCC and FCC yield surfaces gave a good fit to the 
experimental yield stress values (i.e. uniaxial and balanced biaxial). The 
accuracy of the predicted yield loci is comparable to that achieved with the 
CPB06 yield function in [98] and shows an elliptical shape. However 
comparison with the in – plane biaxial cruciform test results shows that the 
plastic flow of Ti-6Al-4V is overestimated in the directions between the biaxial 
stress point at xx yy:σ σ = 1:1, the uniaxial stress conditions at xx yy:σ σ = 1:0 and 
at xx yy:σ σ = 0:1. To improve the accuracy of the YLD2000-2D yield function 
with experimental results for biaxial tension at the load ratios xx yy:σ σ = 2:1 
and xx yy:σ σ = 1:2 parameter M  was varied using the values given above the 
best fit was found with M  = 12 for all key stress states, as shown in 
Figure  4-15. The accuracy of the defined yield surface can be further assessed 
to what extent it can reproduce the yielding behaviour of Ti-6Al-4V obtained 
from different stress condition. For this, the normalized yield stresses 
determined in the plane strain tensile tests (Section 4.2.4) and given in 
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Table  4-2 b along the RD and the TD was added to the stress space 
(Figure  4-16). It can be seen that both yield stresses; οplaneσ 0  and οplaneσ 90  
are almost tangent to the optimised YLD2000-2D yield description 
(Figure  4-16).  
 
Figure  4-16 Validation of the YLD2000-2D-M = 12 with experimental plane strain yield stress 
values in both the RD and the TD. 
 Discussion 4.5
Inelastic behaviour of Ti-6Al-4V 
The Ti-6Al-4V of 1.17 mm sheet thickness showed a similar in plane 
anisotropy in the mechanical properties during uniaxial tensile test 
(Figure  4-12) to that one obtained and described in Chapter 3 for sheet 
thickness 2.0mm (Figure 3-19 in Section 3.3.1). The highest level of stress (i.e. 
yield strength and ultimate strength) was observed for samples oriented 90° to 
the RD, whereas samples oriented 45° to the RD showed the lowest material 
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strength. This suggests the existence of orthotropy in the plane of Ti-6Al-4-V 
sheet, which was previously explained in Chapter 3-(Section 3.4) attributing to 
the predominantly hexagonal crystallographic texture to the direction of the 
applied load [207]. Strong material anisotropy is also indicated by the 
differences in the evolution of transverse versus longitudinal plastic strain 
shown in Figure  4-4 between the different loading directions. In addition, the 
ultimate tensile strength is only marginally higher than the yield strength for a 
given direction (Table  4-2) and this indicates that strain hardening is low after 
yield as reported in Chapter 3-(Section 3.4) as well.  
The experimental results of the in plane T-C and C-T revealed that the 
asymmetric yielding behaviour is insignificant, only a difference of |1.5 % 
was observed between yielding in tension and compression in the RD, and |  
5% for the specimen oriented in TD. In accordance with the literature 
presented in Chapter 2 (Section 2.4.1), the behaviour of Ti-6Al-4V in yielding 
and flow stress can be considered as symmetric [77]. The obtained material 
characteristics may indicate that the major deformation mode is slip based 
which confirms with previous study reporting that the amount of twinning 
dominated deformation in this particular alloy is below 1% at room 
temperature [83] If twinning deformation mode is sufficiently developed 
during tension or compression at r  0.04 strain it would have been seen a 
pronounced asymmetry in the plastic behaviour between tension and 
compression as the case in CPTi [92]. Because twinning is sensitive to one 
direction of loading and becomes inactive in the opposite direction (i.e. 
directional dependence) [76]. This may be attributed in the current material to 
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the high contents of aluminium 6.01 wt. % and oxygen 0.02 wt% for the 
current Ti-6Al-4V given in Chapter 3 (Table 3-1) which retards the occurrence 
of twinning [85-87]. Therefore the slight amount of the distortional hardening 
observed during compression compared to tension in the TD (Figure  4-14) may 
therefore be due to the directionality of the dislocation structures and their 
arrangements [233] and the strengthening of the texture evolution with 
increasing plastic deformation [84]. 
During reverse loading Ti-6Al-4V showed a strong propensity for a drop in the 
compressive yield stress i.e. Bauschinger effect (Figure  4-13 and Figure  4-14), 
followed by rapid work hardening stagnation, but with no subsequent 
permanent softening. The reverse flow curve saturated quickly to the forward 
hardening curve. The Bauschinger ratio of Ti-6Al-4V defined from in plane T-
C- test is comparable to that found for DP-steel elsewhere [234]. Although no 
studies with regard to the behaviour of Ti-6Al-4V during reverse loading have 
been reported yet, however the current results agree with the literature of high 
strength steels as the reverse deformation behaviour depends upon the pre-
strain value. The offset stress between the flow curve during forward loading 
and the one upon reverse decreases when the pre-strain is large [240].  
Optimized yield function for Ti-6Al-4V 
Although the YLD2000-2D- M =6 and 8 incorporates 8 coefficients of material 
characteristics compared to 4 for Hill’s48 yield criterion, however no 
difference has been observed with regard to the prediction of uniaxial and 
balanced biaxial yielding behaviour (Figure  4-15). However the obtained yield 
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locus is similar to that predicted by Gilles et al [98] using the CB06 and 
Hill’s48 yield criteria with material parameters determined from uniaxial 
tensile and compression tests of Ti-6Al-4V. At the same time all the yield 
functions whether in the current study YLD2000-2D - M =6 and 8 and Hill’s 48 
or the study of Gilles and his co-workers showed a significant overestimation 
to the behaviour of Ti-6Al-4V under plane stress conditions. This has led to 
further optimization of the non-quadratic YLD2000-2D yield function for 
better modelling and thus prediction the yielding behaviour of Ti-6Al-4V 
under different loading conditions. The YLD2000-2D- M =12 showed a good 
flexibility of closely reproducing the yielding behaviour under different stress 
states including loading ratio 2:1 and 1:2 as shown in (Figure  4-15) as well as 
the plane strain yield stresses in both RD and TD directions (Figure  4-16).  
Now it is of great importance to further examine the capability of the optimized 
YLD2000-2D of describing the planar variations of tensile properties shown in 
Figure  4-12 and listed in Table  4-1. Figure  4-17 compares the normalized yield 
stress predicted by the calibrated YLD2000-2D ( M  =12) and the Hill’s48 yield 
function to the experimental results determined in the tensile test for sample 
directions 0°, 15°, 30°, 45°, 60°, 75° and 90° from the RD. Additionally to that 
the normalized plastic flow stresses determined experimentally at 0.02 and 
0.04 plastic strain are compared to those theoretically predicted by the 
calibrated YLD2000-2D-yield function. Figure  4-18 compares the 
experimental anisotropy coefficients (r- values) with those predicted by the two 
yield functions for the various sample orientations tested. It can be clearly seen 
that the optimized YLD2000-2D ( M =12) has the capability to represent the 
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hardening evolution and anisotropy coefficients at different orientations of Ti-
6Al-4V up to a large level of plastic strain, whereas the Hill’s48 gives 
inaccurate results for the anisotropic parameters (r- values). This is due to that 
the Hill’s48 model is defined based on yield stress only instead of strain 
approach (r- value). By applying the exponent M = 12 the YLD2000-2D yield 
criterion can accurately describe the uniaxial deformation behaviour of Ti-6Al-
4V at room temperature. For determining the flow hardening behaviour of the 
Ti-6Al-4V in tension at different orientations, it should be pointed out that both 
the plastic strain pε and equal plastic work ( .pε σ ) methods lead to similar 
results. The determined flow stresses at pε  ؆ 0.02 and 0.04 correspond to 
those calculated at plastic work pw ؆ 21.3 and 43.47 MPa respectively. One 
can explain that for Ti-6Al-4V the slope of the tensile flow curves at different 
orientations (Figure  4-12) are not steep, almost discrete work hardenings. 
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Figure  4-17 The in plane normalized yield stress predicted by the YLD2000-2D (M = 12) and 
the Hill’s 48 model, as well as the plastic flow stresses predicted by the YLD2000-2D (M = 
12) at 0.02, 0.04 pε and compared to experimental values. 
 
 
Figure  4-18 . In the plane Lankford coefficients predicted by the Hill`s 48 and the YLD2000-
2D (M =12) yield criterion of the Ti-6Al-4V sheet. 
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 Conclusions 4.6
A series of experiments and theoretical investigation of the quasi- static plastic 
deformation behaviour of Ti64 alloy sheet was performed for different 
orientations at low strain rate and at room temperature. The following 
conclusions can be made: 
Quasi- static mechanical response of Ti64 alloy sheet 
• The Ti64 has a strong material anisotropy. This is indicated by 
variation in stress strain curves and Lankford values that vary depending on the 
sample orientation tested in the tensile test. 
• The direct comparison of the effective true stress strain curves 
determined in the tension and the compression tests revealed only small 
differences of |5 % difference in compressive and tensile yield strength for 
the TD and almost identical yield stresses for the RD. 
x On reverse loading, a drop in the compressive flow stress was observed 
and quantified by Bauschinger ratio with 0.74 and 0.71 for 0° and 90° 
respectively. The reduction in flow stress is followed by a rapid strain 
hardening. The material did not show any permanent softening.  
Measured yield surface of Ti-6Al-4V 
• The YLD2000-2D model calibrated with an exponent of M =12 is able 
to accurately represent the yield surface and the in plane sheet anisotropy of Ti-
Al-4V at room temperature.  
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5 Elastic – plastic model of Ti-6Al-4V sheet 
for room temperature forming 
5.1 Introduction 
In Chapter 3, a high tendency to springback was observed for Ti-6Al-4V sheet 
in both bending and roll forming trials and was close to twice the level 
generally observed for AHSS [193, 241]. Due to this, a major challenge in 
forming Ti-6Al-4V sheet will be the compensation for springback and other 
shape defects such as bow in roll forming; this will require the accurate 
prediction of the forming behaviour via numerical analysis. Accurate 
numerical results can be achieved if sufficient attention is paid to the numerical 
parameters such as the element type, the boundary conditions and the 
constitutive behaviour of the material. The latter, in particular the plastic 
behaviour, is the objective of this chapter. Up-to date the recent review of the 
literature presented in Chapter 2-Section 2.5 showed that there is no 
constitutive equation allowing to capture the hardening behaviour of Ti-6Al-
4V at room temperature forming, especially if the metal strip undergoes to non- 
monotonous deformation. To enable the widespread application of Ti-6Al-4V 
advanced constitutive material models need to be developed [98] that enable 
the prediction of the inelastic behaviour of the material under different stress 
states and stress reversals at room temperature [242].  
The present chapter aims at developing a novel constitutive model that is 
capable of representing the mechanical response of Ti-6Al-4V at room 
temperature during loading path reversal.  
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Here the distortional hardening of Ti-6Al-4V under multiple or continuous 
path changes is accounted for by a fluctuating function that includes a 
homogenous anisotropic hardening model, the so called HAH model proposed 
recently by Barlat et al.[243]. Thereby, the optimized yield locus that has been 
experimentally determined in the previous chapter forms the stable component 
of the HAH model. In this model the yield function expands around the active 
stress state in the same way as the isotropic hardening model for the case of 
monotonic loading. Once the loading direction changes, the shape of the yield 
surface is flattened opposite from the active stress state. During the subsequent 
reverse loading the distorted yield surface recovers its shape close to the new 
loading state unless permanent softening is considered. In this way the 
asymmetry in hardening behaviour of Ti-6Al-4V is taken into account. 
Validation with experimental results shows that the proposed model shows 
superior accuracy compared to conventional hardening models with regard to 
representing the cyclic hardening response of Ti-6Al-4V, i.e., the Bauschinger 
effect and the transient behaviour.  
5.2 Theoretical framework 
Recently Barlat et al. [243] proposed the HAH model, a homogenous yield 
function  s)  based anisotropic hardening model. The model accounts for 
asymmetric yielding which results from loading path changes and pre- 
deformation. A brief overview of this model is given below; a detailed 
description can be found in [243]. The criterion is expressed as a combination 
of a stable component M  and the fluctuating component hM : 
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Any regular isotropic or anisotropic homogenous yield function of first order in 
the form of    M V s σ  can be used as a stable component with the effective 
stress V . The distortion of the yield surface resulting from the loading history 
and the corresponding asymmetric hardening is introduced by hM  while the 
exponent q  controls the shape of the yield surface. The parameter hM  depends 
on the stress deviator s , the microstructure deviator hˆs , and state variables. 
The deformation history is captured by the normalized tensor hˆs of a traceless 
deviator hs which is defined as 
 
8
3
hhˆ
h : h
s
s
s s
   ( 5-2) 
For the undeformed case hs  is equal to the stress deviator s  and remains 
constant as long as the loading path keeps unchanged. Once the loading 
direction is changed so that h ss z , hs  evolves as: 
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 ( 5-3) 
where sˆ  is equivalent to s  but normalized in the form of Equation (5-2). With 
the new loading path hs  rotates from its previous straining state towards sˆ  by 
Equation (5-3) at a rate controlled by k . The two variables 1f  and 2f  in 
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Equation. (5-1) are functions of the two state variables 1g  and 2g  can be 
expressed as 
 
1
1       for  1:2q qx xf g x
ª º    ¬ ¼  ( 5-4) 
where xg  physically represents the ratio of the current flow stress to that of the 
hypothetical isotropic hardening flow stress, i.e., x isog σ σ , where x   = 1or 2 
depending on the sign of ˆsˆ : h  . As soon as the material is plastically strained 
the state variables 1g  and 2g  evolve following the differential system below 
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where the coefficients 1k , 2k  and 3k  are associated to the evolution of 1g  and 
2g , and control the reloading flow stress and transient hardening. The 
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additional state variables 3g  and 4g  characterize the permanent softening that 
the material may experience upon reverse loading. If the material does not 
exhibit any permanent softening the model is simplified to 3 4 1g g   and 
4 1k   or 5 0k  .  H H  is the classical isotropic hardening curve and 1 5k ko  
are material coefficients. Several coefficients of the HAH model have to be 
determined experimentally. Those are:  
x The stable yield function M  in Equation (5-1) and its 
coefficients.  
x Coefficients of the isotropic hardening curve  HV H . 
x The exponent q  which controls the distortion/ flatness of the 
yield surface from the opposite side to the loading direction. 
x Coefficient k  which controls the rotation rate of the 
microstructure deviator. 
x Coefficients 1 3k ko  which controls the evolution of reloading 
flow stress and hardening i.e., 1g  and 2g . 
x Coefficients of 4k  and 5k are associated to the evolution of 
permanent softening/ hardening i.e. 3g  and 4g . 
The initial anisotropy associated to the stable yield function M  and the 
isotropic hardening curve can be determined using the uniaxial tensile tests in 
various loading directions and the balanced biaxial tension test. The 
C H A P T E R  F I V E  
117 
 
coefficients 1 5k ko  can be determined from non-monotonic loading tests such 
as uniaxial tension- compression or shear – reverse shear tests. The parameter 
k  related to the rotation of the microstructure deviator requires non – 
proportional loading experiments such as uniaxial tension followed by tension 
in the orthogonal direction. 
5.3 Formulation of the FE code 
5.3.1 Stress update algorithms 
The proposed elasto-plasticity model has been implemented in the implicit 
finite element code Abaqus/standard using the material subroutine “UMAT”. 
At the equilibrium state, a strain increment is calculated at each node of the 
finite element. It is assumed that the strain increments can be expressed by the 
discrete true strain increment according to the incremental deformation theory 
[244] as 
 ,   ,   ,   e e p p dH H '  '  '  'dε ε dε ε dε ε  ( 5-9) 
where the superscripts e  and p stand for the elastic and the plastic components 
of true strain. For a given strain increment 'ε , the numerical formulations 
update the stress tensor. The total strain is composed of the elastic e'ε and the 
plastic p'ε  components, and the linear elasticity laws applied are given below 
 p e'  ' 'ε ε ε  ( 5-10) 
 e p'  '  '  'σ C ε C ε C ε  ( 5-11) 
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where C  is the elastic stiffness matrix. The equivalent plastic strain increment 
H'  for a given 'ε  can be determined using the nature of a first degree 
homogeneous function   : VV w wσ σ σ with the associated flow rule 
    
 
 
:: p
VO VH O OV V V
w'' w'    '  '
σ σσ ε σ
σ σ σ  ( 5-12) 
 p
V VO Hw w'  '  'w wε σ σ  ( 5-13) 
where O  is the plastic multiplier. The increments of the other state variables in 
the HAH model 1 4g g' o' and the microstructure deviator hˆs'  are expressed 
as functions of H'  (equivalent plastic strain increment) by the discrete 
incremental forms of Equations (5-2) o  (5-8). They are therefore updated 
when H' is obtained during the stress integration procedure i.e. H' is the only 
unknown. 
5.3.2  General convex cutting – plane method 
Although there are numerous numerical methods to determine the value of H'  
and update the stress algorithm in most cases [245-247] the convex cutting 
plane (GCPM) method as schematically shown in Figure  5-1 is applied as it 
will be done in this FE formulation. The advantage of the GCPM method is 
that it bypasses the need for computing the gradients of the flow and the 
hardening law by simply obtaining H'  from the consistency condition which 
is expressed as [248]. 
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1q q qh HM M Hª º<    ¬ ¼  ( 5-14) 
Hence the condition for plastic yielding can be expanded in terms of the 
incremental change as 
    1 1 2 2, , , , , , ˆ ˆ,h hs si i i i i i if f f f H H H<  ) '  '  '  '   'σ σ  ( 5-15) 
where the subscript i  refers to the initial (known) value determined from the previous 
time step. By applying Taylor’s expansion, the consistency condition 0'<   gives 
the expression 
   0G HH
w<< '<  < '  w'  ( 5-16) 
This leads to 
  G H H
<'   w< w'  ( 5-17) 
From Equation (5-15) 
 H
HH H H
w< w< w w< w w' w w' w w'
σ
σ  ( 5-18) 
where 
    ;     1  -
H
w< w) w<  w w wσ σ  ( 5-19) 
Therefore 
 H
w< w) w' wC σ  ( 5-20) 
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In the above equations the higher order terms that result from the variation of 
the stress components with respect to the variation of the H'  were neglected. 
By substituting Equations (5-18) o  (5-20) in Equation (5-17) the following 
estimate of  G H'  is obtained  
    HG H H
<'  w) w) cw wCσ σ
 ( 5-21) 
where    HH HH H
wc  w is the slope of the monotonic flow curve. In this way 
the unknown value of H'  that fulfils Equation (5-15) can be obtained by an 
iterative algorithm based on the predictor – corrector scheme with the Newton 
– Raphson method. For a given total strain increment 1n'ε  at the current time 
step 1t   the trial stress is assumed to be pure elastic using Equation (5-11) 
and can be calculated with 
  1 1
tr
t t t   'σ σ C ε  ( 5-22) 
where the superscript tr  denotes the trial state and the subscripts t  and 1t  
correspond to the previous and the current step time respectively. If the check 
for the following condition Equation (5-23) is satisfied, then the trial state is 
accommodated to be elastic without further iteration over the time step > @t,t +1 . 
The algorithm then goes to the next time step by updating the stress with the 
same value of the trial stress  1
tr
tσ , whilst the other state variables remain 
unchanged. 
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11 1 1 0tr tr tr qq qt t h t tHM M H  ª º<    d¬ ¼σ σ σ  ( 5-23) 
If the condition in Equation (5-23) is not satisfied or   1 0trt< !σ , the stress 
trial at the current time step is a plastic state and the predictor-corrector 
iterative algorithm commences the trial stress state as an initial estimate. The 
value for H'  is then updated for the thm  iteration with 
       11 1 1m m mt t tH H G H  '  '  '  ( 5-24) 
where the superscripts m  and 1m   represent the previous and the current 
iteration steps respectively. The variation of equivalent plastic strain (the last 
term in Equation (5-24)) for sub – iteration m  can be obtained by Equation. (5-
21) at iteration 1m   using 
      
 
 
 
  
1
1
1 1
1
1 1
m
m
t
mt t
t
t t
H
G H
H


 

 
<'  w) w) cw w
σ σ
Cσ σ
 ( 5-25) 
Over the iteration process the stress, plastic strain, and other state variables 
hˆs' (Equation (5-3)) and 1 4g g' o'  (Equations (5-5) o  (5-8)) which are 
related to the fluctuating component hM  in Equation (5-1) are updated as a 
function of   11 mtG H '  at every iteration step as shown below. 
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Therefore, 
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The iterative scheme carries forward until the prescribed numerical tolerance 
Tol  satisfies the consistency condition  1m Tol<   given below
            11 1 1 11 1 1 1m m mqq qt t h t tH TolM M H      ª º<    ¬ ¼σ σ σ  ( 5-34) 
The geometric interpretation of the stress integration scheme (GCPM) is 
illustrated in Figure  5-1.The subsequent iteration of each is initiated by cutting 
a tangent plane on which the return stress path is normal to the yield surface 
 1 0mt)  σ . This direction is obtained from Equations (5-11) and (5-31) as 
 ^ ` 1 1 1. mt t tG H   ' w) wC σ σ in the  thm stress state. The 1st stress estimate 
 1
1tσ  is determined from the normal cut to the tangent plane of the trial stress 
 
1
tr
tσ . Similarly the stress for the new  1 thm   is estimated from the previous 
iteration  thm  as shown in Figure  5-1. Since The HAH model introduces a 
continuous distortion to the yield surface, the gradient of the yield function 
 1 1 w) wσ σt t  in Equation. (5-25) should be carefully computed and needs to 
account for the microstructure deviator, the loading direction and the evolution 
of plastic parameters. This is achieved by using the multi-step Newton – 
Raphson method proposed by Lee et al.[249]. 
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Figure  5-1 Geometric interpretation showing the stress scheme using the cutting plane 
algorithm in the stress space. 
 
For the implicit finite element method the consistence tangent modulus epC  is 
required to achieve convergence of the algorithm towards the final value of the 
state variables at the quadratic rate. It is determined by enforcing the normality 
condition in Equation (5-23) 
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where  1
1
t
t
H
H
H
H


wc  w  and stress increment is defined as 
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Hence by substituting Equation (5-35) into Equation (3-36) the stress 
components can be obtained as 
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 ( 5-37) 
where  denotes to the tensor product i.e.   x yxy U V  U V . 
5.4 FE- simulation of cyclic stress – strain response of 
Ti-6Al-4V 
5.4.1 Experimental characterization and FE- model set up of 
the cyclic hardening test. 
Another set of experiments of the continuous in - plane tension / compression 
(T-C) and compression / tension (C-T) in RD and TD was conducted to 
characterize the hardening behaviour of Ti-6Al-4V over a full symmetric 
cyclic strain of ± 4.0% . This set of experiments was performed according to 
the procedure described in Chapter 4 (Section 4.2.5). The experimental results 
were used to examine the accuracy of the constitutive model developed in this 
study. The numerical simulation of the cyclic loading of Ti-6Al-4V was 
performed in the implicit finite element code Abaqus / standard version 6.13. A 
single element having square size (1 mm x 1 mm) of a reduced 4- node shell 
type (S4R) with 5 integration points through the thickness was used. The 
schematic of the finite element model is shown in Figure  5-2 where 
displacement boundary conditions were applied according to the experiments. 
The movement with no rotations was assigned only along Y direction for the 
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left side AB and in X- direction for the bottom side BC. The in - plane 
continuous strain T-C and C-T was achieved by the displacement of the right 
side CD to r  0.04 mm and  0.04 mm, respectively, with a degree of freedom 
only in the Y direction. The true stress- strain response along the X- direction 
was extracted from the integration point located on the top surface and 
compared with the experiments. 
 
Figure  5-2 Finite element model for simulating the cyclic tension- compression test. 
 
5.4.2  FE-Implementation of the newly developed constitutive 
model 
The elastic – plastic model (HAH model) presented in the previous section (5-
2) was introduced to describe the stress- strain response of the Ti-6Al-4V alloy 
during the cyclic test. The FE- formulation proposed in Section (5-3) was 
implemented via the user material subroutine “UMAT”. The non-quadratic 
anisotropic yield function YLD2000-2D with the exponent M  = 12 
determined in the previous chapter was considered as the associated stable 
component M  in the HAH formulation. Isotropic elasticity was assumed with 
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the elastic modulus, E, and Poisson’s ratio, ν, measured from the uniaxial 
tensile test for each direction (Table  5-1). The anisotropic coefficients of M  (
1 8A Ao ) provided in Table (4-3) of Chapter 4 were integrated into the 
constitutive model. The isotropic hardening (denoted as IH) parameters 
required for the condition of flow rule Equation (5-15) were determined by 
approximating the tensile flow curves along the RD and the TD using the Swift 
hardening law i.e. (  0 npHV H H  . The corresponding parameters are listed 
in Table  5-1). The material coefficients 1 5k ko  corresponding to the hM  were 
then optimized while the coefficients of q  in Equation (5-1) and k  in Equation 
(5-3) were set equal to the values recommended by Barlat et al. [243] since the 
data required for a detailed calibration was not available. The evolutionary 
coefficients of HAH model are summarized in Table  5-2. 
Table  5-1 Coefficients for hardening models of Ti-6Al-4V at room temperature in 0° and 90°. 
Property Elasticity IH NLK 
 
RD 
> @E GPa  ν  > @H MPa  0H  n  c  J  
116 0.36 1280 0.0114 0.047 1530 7.0 
TD 113 0.37 1325 0.0116 0.051 1250 3 
 
Table  5-2 Constitutive model parameters of HAH for Ti-6Al-4V at room temperature in 0° and 
90°. 
M  q  k  1k  2k  3k  4k  5k   
12 2 30 130 85 0.25 1.0 0.0  
 
C H A P T E R  F I V E  
128 
 
5.4.3 Conventional hardening model 
Additionally, for comparison the classical isotropic hardening (IH) and the 
nonlinear kinematic hardening (denoted as NLK) model by Chaboche[250] 
were also applied to model the in - plane tension – compression cycle for both 
the RD and the TD directions. For the latter, the evolution of the back stress 
tensor α  was defined using the flowing relations: 
 1 2d d d α α α  ( 5-38) 
    11
iso iso
dd d c d
d
D H HH V V
 § ·  ¨ ¸© ¹
σ α σ αα  ( 5-39) 
 22 . .
dd d d
d
D H J HH
§ ·  ¨ ¸© ¹α α α  ( 5-40) 
When c  and J  are assumed to be constants, the back stress can be expressed 
as  
    1c e JHD H J    ( 5-41) 
where c  and J  were determined from the monotonic flow tensile curve [251] 
and are given in Table  5-1. The same yield function YLD2000-2D ( M =12) as 
used for the HAH model was also applied with the IH and the NLK model.  
5.5 Results and discussion 
The symmetric strain cycles for amplitude of 4.0% are shown in Figure  5-3 (a-
d). For all sample directions tested the material shows cyclic hardening, i.e., 
the subsequent reloading curve is slightly higher compared to the forward 
C H A P T E R  F I V E  
129 
 
curve. This is in agreement with the literature which proposes that hard 
materials often cyclically harden if the applied strain is large [252]. Overall the 
results show that the Ti-6Al-4V alloy investigated in this study shows tension - 
compression symmetry since the same material response is observed for tests 
involving tension followed by compression and those starting with 
compression followed by tension. 
The cyclic stress – strain response in the RD and the TD predicted by the 
proposed HAH model and the conventional IH and NLK hardening models are 
compared to the experimental results in Figure  5-3 and Figure  5-4 for a 
symmetric strain cycle of ± 4.0%. During load reversal the Bauschinger effect 
and the transient behaviour of Ti-6Al-4V are accurately accounted for with the 
HAH model as shown in Figure  5-3 (a-d), while the IH and NLK models, 
Figure  5-4 (a-b), show a large deviation between numerical and experimental 
results especially in the transient region. The flow stress predicted by the IH 
model saturates with similar intensity as the HAH model while the NLK model 
predicts slightly lower stress levels (i.e. permanent softening) after saturation 
in reverse loading. In fact it is interesting that the well-known NLK model did 
not reproduce the Bauschinger behaviour over the entire hardening cycle 
showing the same results as IH model, as shown in Figure  5-4 (a-b). However 
a similar result with employing the NLK model for FE simulation of tension – 
compression of Ti-X alloy at room temperature was also reported in elsewhere 
[253]. It is still believed that the capability of NLK model may be improved if 
the kinematic parameters c  and J  for the evolution of back stress were 
determined as function of pre-strain carried out with a number of stress 
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reversals, as addressed elsewhere [234, 254]. Nevertheless even if this 
approach is utilized other numerical studies performed on advanced high 
strength steels revealed the inferiority of NLK compared to HAH model to 
capture the mechanical response when model the continuous strain path 
changes [255].  
a) 
 
b) 
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c) 
 
d) 
 
Figure  5-3 (a-d) The predicted cyclic hardening T-C-T and C-T-C by HAH model in RD and 
TD at a strain amplitude of 0.04 in comparison with the experiments. 
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a) 
 
b) 
 
Figure  5-4 The predicted cyclic hardening T-C-T by IH and NLK models in RD and TD at 
strain amplitude of 0.04 in comparison with the experiments. 
The current results can be explained based on the evolution of the yield 
surfaces of the IH, NLK and HAH models. For the IH model the yield surface 
and anisotropic coefficients proportionally expand during the plastic 
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deformation and this maintains the reloading yield stress on the monotonic 
hardening curve. The kinematic hardening model allows only the transition of 
the yield locus in a direction defined by the Zeigler’s hardening model. The 
evolution of the yield locus under the HAH scheme for both longitudinal and 
transverse directions in the S  plane with the associated microstructure deviator 
hˆs  are shown in Figure  5-5 (a - b). These figures illustrate the changes in the 
initial state of the yield surface (dotted line) after 4.0% tension and after 4.0% 
subsequent compression upon reverse loading respectively compared to the 
evolution of the symmetric / isotropic yield surface (dotted line). During 
forward loading to 4.0% tension the side of the yield surface opposite to the 
loading direction is flattened. When the load is subsequently reversed to 4.0% 
compression, the previously distorted side recovers its original shape, while in 
the opposite direction the yield surface flattens (lower stress state) accounting 
for the Bauschinger effect.  
Although the yield function (stable component) given in Equation. (5-1) is 
homogenous in stress, the fluctuating component in the formulation of the 
HAH is capable of producing a distortional yield surface associated to each 
particular direction with regard to the origin (Figure  5-5). This allows it to 
describe the asymmetry in hardening of Ti-6Al-4V, the Bauschinger effect and 
the transient behaviour for continuous loading path and multiple strain path 
changes.  
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a) 
 
b) 
 
Figure  5-5 Asymmetric yield loci for Ti-6Al-4V in S   plane after 4.0% tension and 4.0 % 
subsequent compression compared to the isotropic / symmetry state (dotted lines); a) RD,     
b) TD. 
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5.6 Conclusions 
The material parameters of the suggested constitutive equation of Ti-6Al-4V 
based HAH model were determined in this work with the aid of the 
experimental results and implemented into the FEA- Abaqus implicit solver 
using the material user subroutine UMAT. The FE- results of hardening cycle 
of Ti-6Al-4V showed the novelty of the proposed constitutive model versus the 
conventional hardening models. Unlike the conventional isotropic and 
kinematic hardening models analysed in this study the HAH model using the 
proposed hypothesis is capable of accurately describing the Bauschinger effect 
and the transient hardening behaviour of Ti-6Al-4V during strain path reversal. 
The proposed constitutive model presents, therefore, a promising approach for 
the prediction of material behaviour of Ti-6Al-4V alloy sheet in sheet metal 
forming processes at room temperature. 
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6 FEA- simulation of bending dominated 
forming process  
6.1 Introduction 
The primary purpose of the FEA- simulation in this work is to apply the new 
constitutive model developed in Chapter 5 to numerically predict the behaviour 
of Ti-6Al-4V in bending dominated forming processes (V- bend and roll 
forming) and to verify the results experimentally. 
Additionally to that the possibility of reducing springback and bow in the roll 
forming of Ti-6Al-4V via “constant bend radius” forming is analysed and 
compared to the common “constant arc length” method that is described in 
Chapter 3. Although a wide range of research has focused on understanding the 
roll forming process, as it became clear in Chapter 2, the studies majorly 
focused on the effect of process parameters, such as material properties [143, 
256], number of forming passes, flower design [167], complexity of the profile 
[177] as well as inter stand distance, roll gap and speed [113]. Nevertheless to 
the author’s knowledge there has not been any previous work analysing 
constant radius and constant length forming in detail and comparing both 
methods with regard to springback and shape defect development. This 
Chapter will not only verify the material models developed in Chapter 5, but it 
will also provide simple guidelines for the roll forming process design and 
optimisation when forming high strength sheet material such as Ti-6Al-4V.  
The final results of constant bend radius roll forming method are compared 
with those of V- die bending (springback) and constant arc length roll forming 
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(springback, longitudinal edge strain and longitudinal bow) determined in 
Section 6.4.1. The findings of this chapter reveal that the new material model 
developed in Section 6.4.2 is capable of accurately describing the material 
behaviour of Ti-6Al-4V alloy sheet in different bending dominated forming 
operations at room temperature. In addition, it will be shown that constant bend 
radius roll forming results in a reduction of springback of |15.0% and a 
decrease in bow of |  50%. Numerical results will be applied to further analyse 
and explain this trend.  
6.2 Determination of constitutive hardening 
parameters 
The Ti-6Al-4V sheet described and analysed in Chapter 3 is considered and 
applied for the experimental work and the numerical analysis performed in this 
chapter. The hardening parameters of Ti-6Al-4V for the TD were identified by 
an inverse approach in combination with a pure bending test and a 
tension/compression test. The moment- curvature diagram from the pure 
bending test and the true stress- strain relationship from the 
tension/compression test were used as target curves in the inverse approach. 
6.2.1 Cyclic pure bending test  
The bend test was performed on a 30 kN Instron sheet metal tester using the 
pure bending test set up as described by Weiss et al. [257]. Three repetitions 
were performed on flat strips of thickness 2.0 mm, width 20 mm cut in TD and 
a test gauge length of 40 mm was used. The experimental set up is shown in 
Figure  6-1. The test piece was clamped by two arms and a pure bending 
moment was applied onto the blank by an upwards movement of the upper 
arm, while the bottom arm can rotate but not move up or down. When the 
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crosshead of the machine is displaced either upwards or downwards with a 
prescribed displacement the corresponding applied load > @F N  is measured by 
the load cell. The displacement of the top arm was pre-set to +130 mm 
followed by a downwards movement of -172 mm and another upwards 
movement of +130 mm; this resulted in a symmetric pure bending cycle. 
 
Figure  6-1 Pure bending test setup. 
. 
 
 
Figure  6-2 Schematic drawing of pure bending test before and during loading [257]. 
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In order to obtain an accurate experimental measurement of the curvature in 
the test piece a clip - on curvature gauge was used and this is described in 
detail by Weiss et al. [257]. The schematic drawing of the bend test with the 
parameters used to calculate the moment- curvature diagram is shown in 
Figure  6-3. Weiss et al. [257] provided the method to calculate the sample’s 
curvature through the use of a linear variable displacement transducer 
(LVDT).The displacement of the centre of the test piece during the test was 
measured by the LVDT as shown schematically in Figure  6-3. 
 
Figure  6-3 Schematic of the LVDT curvature measurement [257]. 
 
From the geometry, the curvature ρ  can be calculated using equation: 
 12 2
1 2     m
R c
GU G
ª º  ¬ ¼   ( 6-1) 
where R  is the radius of curvature measured in > @m , δ  indicates the central 
displacement measured by the LVDT with c  of given value 0.01415 > @m . 
Based on the measured curvature the change of the bend / rotation angle T'  is 
given by: 
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 θ . .'  1 180L ρ
2 π
 ( 6-2) 
where L  stands for the gauge length of the specimen and equals 0.04 > @m  in 
this study. The bending moment applied on the specimen in point D  and E  as 
schematically shown in Figure  6-2 is then calculated by 
   > @0 265 35 8         
180
ST§ · '¨ ¸© ¹. . .cos . .M F Nm  ( 6-3) 
As it is common in experiments for the test pieces to vary slightly in width,w , 
the moment was calculated as a standardized moment per unit width wM  (here 
, w  = 20 mm): 
 > @.      w MM 0 02 Nmw  ( 6-4) 
The pure bending tests were performed for 3 replications and the average of 
wM ρ  diagrams was considered as the target curve. 
6.2.2 Uniaxial tension/ compression test 
The pure bending test has limitations to generate a wide range of cyclic 
hardening data with respect to high strength Ti-6Al-4V. Therefore, the uniaxial 
tension - compression test is additionally used to ensure appropriate cyclic 
hardening data is obtained. Specimens oriented in 90° from the RD were 
machined. The geometry and dimensions of the test- specimen is shown in 
Figure  6-4 as used elsewhere [258]. 
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Figure  6-4 Specimen dimensions of uniaxial tension- compression test [258]. 
 
The test was performed using a servo hydraulic MTS 810 testing machine and 
a strain rate of |0.001 1s . The specimens were lubricated by Rhenus FE-1300 
lubricant to eliminate the influence of friction during the test and were clamped 
between two special holders, with the purpose to prevent bucking during the 
test. The experimental set up of the test with the anti-buckling holders is shown 
in Figure  6-5 . 
 
Figure  6-5 Experimental set up used in the tension – compression cyclic tests [258]. 
 
For accurate strain measurements CEA-09-15UN-350 type strain gauges, from 
Vishay Micro-Measurement [259] were used. It should be noted here that the 
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clamping holders are designed with a peek hole that ensures that the strain 
gauges are not damaged during the test (Figure  6-5). To install the strain 
gauges special procedures were used for preparing the surface of the specimens 
and adhesion, and those are described in Appendix B. During the experiments 
strain was measured using a quarter Wheatstone bridge and the data acquisition 
was carried out using NI cDAQ-9178 and NI 9219 equipments from National 
instrument and using the LABVIEW software. The change in strain, H , 
corresponding to the output voltage, outv , of the Wheatstone bridge was 
calculated using: 
 out
f in
4v=
G .v
H  ( 6-5) 
where inv  is the input voltage of the Wheatstone bridge and fG is the given 
gauge/ conversion factor of the strain gauge. The specimens were cyclically 
loaded in tension and compression to symmetric strains of ± 2.0% . The force 
was recorded and used to calculate the engineering stress (i.e.  0S F A ). The 
measured strain and engineering stress values were used to calculate the 
corresponding true stress V  using Equation (4-5) of Chapter 4- Section 4.2.3. 
Three repetitions were performed and the average result of the true stress- 
strain response over a full hardening cycle was considered as a target for the 
inverse routine in FEA- model. 
6.2.3 FEA model set up used for the inverse approach 
6.2.3.1 FEA- simulation of the pure bending test 
The pure bending test was simulated as can be seen in Figure  6-6 according to 
the experimental set – up shown in Figure  6-1 and  
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Figure  6-2. The bending arms were modelled as 3D analytical rigid surfaces 
while the blank was defined as a deformable body. The blank of 20 mm width 
and gauge length 40 mm was modelled with a 4-node reduced integration shell 
element (S4R) and 15 integration points through the thickness were used. The 
optimal shell element size was determined with a convergence test to be 10 
mm length and 2.0 mm width. The boundary conditions of displacement – 
orientation type were assigned for this model. According to prescribed 
experimental conditions both arms allowed the rotation around the Z- axis. The 
bending moment was introduced by movement of the top arm in the Y- 
direction while the bottom arm was fixed.  
The measurement of the curvature was carried out recording the displacement 
of two points on the surface of the metal strip. One point was placed in the 
centre of the strip and the second in a distance of > @0.0148c m . The change 
of bending curvature over time was then calculated using equation (6-1). 
Thereby > @mG was given by: 
  1-  2set setG   ( 6-6) 
The reaction force on the top bending arm in the Y-direction was measured 
using a reference point on the top arm. The corresponding moment per width 
wM  was calculated using equations (6-2), (6-3) and (6-4). 
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Figure  6-6 FEA model of cyclic pure bending test. 
 
6.2.3.2 FEA- simulation of cyclic tension/ compression test 
For the tension/ compression test, the FE- model with a single shell element 
(S4R) as described in Section 5.4 of Chapter 5 was employed. In the current 
case the displacement boundary condition was set to ± 0.02 mm to achieve a 
symmetric strain cycle comparable to that obtained in the experiments.  The 
numerical stress- strain response was obtained by the same method described 
in Chapter 5 (Section 5.4.1). 
6.2.4 Modelling of material behaviour in the inverse approach  
The experimental tensile results and r- values were previously presented in 
Chapter 3-Section 3-3-1 (Table 3.2). The corresponding results of ( , , 
 and ,  and ) were used as data input to compute the coefficients of 
the YLD2000-2D with the new exponent of  by the same manner as 
0V 45V
90V 0r 45r 90r
12M  
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described in Chapter 4 – Section 4.4. The biaxial parameters  and  were 
assumed equal to those determined in the equi-biaxial tension test in Chapter 4 
and are given in Table 4-2. Corresponding anisotropic coefficients of the 
YLD2000-2D yield function were obtained by the Newton- Raphson method in 
the same way as employed in Chapter 4- Section 4.4 and are summarized in 
Table  6-1. 
Table  6-1 Anisotropy coefficients of the non-quadratic YLD2000-2D for Ti-6Al-4V- 2.0 mm 
thickness. 
YLD2000-2D 
M  1A  2A  3A  4A  5A  6A  7A  8A  
12 1.106 0.907 1.110 0.944 0.944 0.991 1.070 0.909 
 
With the strain gauge used in the tension / compression test, the accurate value 
of Young’s modulus E was derived from the stress- strain data during forward 
loading and determined by the linear regression method of the elastic portion. 
This average value was found to be 92GPa and was employed in the current 
FEA- work to define the elastic material behaviour. A Poisson’s ratio of 0.365 
as experimentally determined for the 1.0 mm thick Ti-6Al-4V alloy in Chapter 
4 was assumed. For the specimen oriented in 90° from RD the isotropic 
hardening parameters described by the Swift law are summarized in Chapter 3- 
(Table 3.2). The UMAT subroutine encompassing the new FE- code 
formulation developed in Chapter 5 (Section 5.3) was implemented into the 
FE-Abaqus implicit solver. The hardening constitutive coefficients of the HAH 
model 1 5k ko were then optimized based on the target curves obtained from 
the experimental results of the bending and tension / compression tests as 
described in the previous sections; 6.2.1 and 6.2.2, respectively. 
bV br
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6.3 Results and discussion of the inverse approach 
Table  6-2 lists the hardening parameters of the HAH model determined for Ti-
6Al-4V- sheet of thickness 2.0mm. The FEA results of the moment – curvature 
diagram and the cyclic stress – strain curve are compared to the experimental 
target curves as shown in Figure  6-7 and Figure  6-8, respectively.  
Table  6-2 Hardening coefficients of the HAH model for Ti-6Al-4V of 2.0mm thickness. 
q  k  1k  2k  3k  4k  5k  
2 30 150 95 0.25 1.0 5.0 
 
As can be seen in Figure  6-7 and Figure  6-8 the determined material 
parameters are capable of representing accurately the response of the Ti-6Al-
4V in the cyclic pure bending and the tension / compression tests. Although the 
material parameters were optimized for a cyclic strain of ± 2% strain in the 
tension-compression tests as shown in Figure  6-8, a good agreement was 
achieved with the cyclic pure bending tests (Figure  6-7) where the forming 
strain was significantly lower (|±0.5% strain in the outer fibre). For 
generating the data input or determining the material hardening parameters for 
the FEA-simulation of the sheet metal forming process, it is always 
recommend to fit the experimental data of cyclic hardening behaviour based on 
the high strain values. However the current results of the pure bending test 
shows the same accuracy of results as the cyclic tension /compression test 
conducted at higher strain. This is a very interesting result and may shed light 
on the novelty of pure bending test for such high strength Ti-6Al-4V that 
shows narrow elastic-plastic transient regions followed by low work hardening. 
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Figure  6-7 The experimental and numerical prediction of moment- curvature curve obtained 
from cyclic pure bending test. 
 
Figure  6-8 The experimental and numerical prediction of true stress- strain response obtained 
from tension/compression test. 
 
On the whole, the new constitutive model is able to accurately represent the 
cyclic hardening behaviour of Ti-6Al-4V in bending and tension / compression 
tests. The obtained material hardening parameters can be therefore used to 
drive the behaviour of this material in FEA simulation of real bending 
dominated forming processes (V- die and roll forming). 
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6.4 Numerical model set up 
The determined constitutive material data set used in Section 6.2.4 (Table  6-1) 
and generated from the inverse routine (Table  6-2) was applied to numerically 
model a V- die bending test and the roll forming process. The FE- code 
formulated in Chapter 5 (Section 5.3) including the proposed constitutive 
model was implemented into the Abaqus standard/ implicit solver through the 
UMAT subroutine. 
Three major points need to be highlighted. First, the Ti-6Al-4V strip was 
modelled as a deformable body using the same element type (Shell S4R), size 
(2 mm wide by10 mm long) and number of integration points (15) through the 
thickness as applied in inverse approach of the bending test. Secondly, the tool 
set; punch and die in V- die bending and top and bottom rolls in roll forming, 
were modelled as 3D rigid bodies. Thirdly, the possibility of temperature rise 
by plastic deformation and friction during the forming process was assumed to 
be negligible and did not take into account in the model. This is because; the 
material was formed under slow forming speed with few trials number and the 
cooling effect due to the contact between the strip and the forming tool. 
6.4.1 FEA simulation of the V- die bending test  
V- die bending of a 15 mm bend radius and a bend angle of 50º as shown in 
Figure  6-9 was modelled in accordance to the experiments described in 
Chapter 3- Section 3.2.5.2. 
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Figure  6-9 FEA –V- die bending model set up - metal strip is fully loaded. 
 
As in the experiments the specimen had a thickness of 2.0 mm, a width of 20 
mm and a length of 75 mm. During the test, the punch is moved down by a 
vertical displacement of 23.7 mm along Y- axis attached onto the reference 
point of the punch while any other movement or rotation is restricted by 
boundary conditions. This vertical displacement gives a clearance between the 
die and punch in the centre of the profile that is equal to the sheet thickness. 
The die was fixed in all directions and a symmetric central node was assigned 
to the blank that only allowed movement in the vertical direction (Y-axis). The 
interaction between the strip and the tools was defined as a surface-to-surface 
contact. As there is no relative motion between the top surface of the blank and 
the punch, a frictionless contact was applied. While the contact between the die 
surface and the bottom surface of the blank was defined according to the 
Coulomb friction model, because the latter is slipping over the former. The 
penalty contact available in Abaqus was used, and the friction coefficient 
adjusted until the numerical and the experimental force displacement response 
of the material gave a good fit (Figure  6-10 ). In this way the friction 
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coefficient was found to be 0.2 which agrees with values previously used in the 
numerical analysis of the V - bending process [155]. 
 
Figure  6-10 Comparison between the experimental measurement and the numerical- prediction 
of the punch force – displacement relationship using a friction coefficient of 0.2. 
 
It can be seen in Figure  6-10 that in both experiments and FEA- simulation 
there is no sudden increase in the compressive force. This suggests that there 
was no coining of the material, which would have influenced the accuracy of 
the springback results.  
6.4.2 Numerical set up of the roll forming model  
Two different FEA - simulations on the roll forming of the same V- profile 
shape as analysed in the V- die bending test were performed by varying the 
tool geometry; those were constant arc length and constant bend radius roll 
forming. The V- shaped profile was roll formed through 5 forming passes with 
an equal bending angle of 10° in each station. The accompanying flower 
patterns that show the forming sequence are given in Figure  6-11. 
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Figure  6-11 Bend sequence showing the change in the bending areas (red colour) compared to 
the flange length; a) constant arc length, b) constant bend radius. 
 
In the constant arc length forming (Figure  6-11a) the length of the neutral line 
in the bend section remains constant through all forming passes while the bend 
radius decreases gradually. On the other hand in the constant bend radius 
forming method the bend radius does not change but the length of the bend 
line/ arc increases in each forming pass. The process parameters that are used 
in both forming methods are given in Appendix A. Both the constant arc length 
and bend radius FEA-roll forming models are shown in Figure  6-12 and 
Figure  6-13, respectively. The horizontal distance between the roll stations was 
305 mm and the forming speed 24.5 mm/min as in the experimental set up 
described in Chapter 3- Section 3.2.6. Both top and bottom rolls were fixed by 
boundary conditions assigned to references points and only left free to rotate 
around the X axis. A symmetry boundary constraint was applied on the bend 
line of the sheet in Z- direction since only half of the width was modelled to 
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reduce the computational time while sheet was free to move in all other 
directions. Surface to surface penalty contact was defined between the strip and 
rigid rolls with a friction coefficient of 0.2. This friction value is corresponding 
to that applied in the V- die bending simulation and also agrees with those used 
in previous roll forming studies [172, 260]. A small longitudinal linear 
displacement (30 mm) was assigned to the front end of the sheet to achieve the 
initial contact with the rolls. After that the sheet is pulled through the station by 
fictional force. The roll gap was set according to the material thickness of 2 
mm and the width and length of the blank were 37.5 mm and 1000 mm, 
respectively. The same shell element type (S4R) and size as used in the V-die 
bending simulation was applied to discretise the sheet.  
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Figure  6-12 FEA- model of constant arc length roll forming process. 
 
Figure  6-13 FEA- model of constant bend radius roll forming process. 
6.5 Measurements and analysis of FEA models. 
In this section the methods applied to measure the three major parameters 
related to the material behaviour during and after the forming process are 
numerically measured. Those are springback, longitudinal peak edge strain and 
longitudinal bow. 
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6.5.1 Springback 
In both the V- die bending and the roll forming process the springback was 
measured based on the coordinates of a group of nodes, k , located on the 
flange of the profile. Figure  6-14 shows the location of these nodes for the case 
of the V- die bending test after the punch is released. In the roll forming 
processes the group of the nodes were determined over the middle cross 
section of the profile length during loading and after forming. Nevertheless, in 
order to generate the difference in the final bending angle after release, these 
nodes were defined at the 5th roll forming station during loading as shown in 
Figure  6-15. The slope of the linear regression line, where there was a 
regression coefficient  2R 1 , through the data points was calculated using the 
Equation (6-7) for the loading case and after release and the angle in degree θl
and uT  between the legs of the V- profile were determined by Equation (6-8). 
The difference in angles T'  was applied as a measure for springback as 
defined in Chapter 3.  
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where x  and y  are the mean average of x  and y , respectively. Since it was 
suggested that in roll forming, springback is sensitive to the amount of stresses 
induced in the bending region [133] the evolution of effective stress through 
the thickness that takes place in the bending region was analysed for both the V 
- die bending and roll forming methods. The first seven elements  
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from the main bending line representing the curvature of the bending region, as 
can be seen in Figure  6-14 and Figure  6-15 were utilized and the average 
values of these elements were further analyzed according to [128]. 
 
Figure  6-14 Location of the nodes and elements in the flange and the bend corner used for the 
springback analysis and the measurement of transverse stress and strain in V- die bending test. 
 
Figure  6-15 Location of the nodes and elements in the flange and the bend corner used for the 
springback analysis and the measurement of transverse stress and strain in roll forming.  
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6.5.2 Longitudinal edge strain and bow 
The longitudinal edge strain is usually taken as an indication for material 
behaviour during roll forming [170] and therefore is a good parameter to 
experimentally validate the FEA model [193]. For these purposes the 
longitudinal edge strains developed in each station during roll forming was 
extracted from a node positioned on the top surface at a point p |2.0 mm 
away from the strip edge and at the middle length of the strip (Figure  6-16). 
After the formed section is fully released, the longitudinal bow distribution was 
measured along the profile length as the vertical displacement H of the centre / 
bend line  B B ) of the outer skin to the horizontal datum line (black dotted 
line) as shown in Figure  6-16. This is similar to the experimental measurement 
technique described in Chapter3- Section 3.2.6 
 
Figure  6-16 FEA -formed profile after release showing the position of point p used for the 
edge strain measurement and the bow height H measured in the bend line of the section. 
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6.6 Experimental set up to validate the numerical roll 
forming analysis 
To verify the accuracy of prediction the Ti-6Al-4V behaviour in roll forming 
process a set of roll forming experiments including constant arc length and 
constant bend radius was performed with Deakin’s roll forming machine 
described in Chapter 3. The tool set up was the same as applied in the FEA 
models (Section 6.4.2) for both roll forming methods and is given in Appendix 
A. The same process conditions (i.e. no lubrication, forming speed, bending 
sequence and inter-station distance) as used in FEA- roll forming models 
(Section 6.4.2) were applied. Preliminary roll forming trials were carried out 
for applying a vertical clearance between the top and bottom rolls according to 
the sheet thickness 2.0 mm and the magnitude of shaft deflection analysed. 
This was followed by a re- adjustment of the roll gap to account for the tool 
deflection. A minimum of three repetitions was performed for each of the two 
forming strategies. 
6.6.1 Experimental measurements and analysis 
6.6.1.1 Longitudinal edge strain 
The longitudinal strain measurements were performed using electrical 
resistance strain gauges EP-08-125BT-120 type from Vishay Micro-
Measurement [259].The same procedures to prepare the location layout where 
the strain gauge is glued on the top surface of metal strip as well as the curing/ 
hardening treatment as described in Appendix B was used. Figure  6-17 shows 
the location of the strain gauge with regard to the length of the initial strip.  
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Figure  6-17 Schematic sketch showing the location layout of the strain gauge on the pre-cut 
strip surface. 
 
The measurements of longitudinal edge strain during the roll forming trials 
were recorded by the ALMEMO 2590-4S universal data logger and data 
acquisition was performed using Equation6-5. The average result of 3 
repetitions for each roll forming method was considered for comparison with 
the numerical results.  
6.6.1.2 Longitudinal bow 
In both forming strategies the distribution of longitudinal bow along the length 
of the roll formed profiles was measured applying the method described in 
Chapter 3 (Section 3.2.6.). Results averaged over three repetitions were used 
the comparison with the FEA predictions.  
6.6.1.3 Springback 
The springback in V- die bending was experimentally measured in Section 
3.2.5.2 and presented in Section 3.3.3.2 of Chapter 3. While in the roll forming 
process, springback was measured with the same method presented in Chapter 
3- Section 3.2.6. But in this study, the final formed angle was measured over 
the middle part of the profile length along 500 mm.  
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6.7 Results  
6.7.1 Longitudinal edge strain 
Figure  6-18 and Figure  6-19 show the numerical and the experimental results 
for the distribution of longitudinal edge strain over the 5 forming stands for the 
constant arc length and the constant bend radius roll forming process, 
respectively. In order to evaluate to what extent the material fibre on the top 
surface of the flange edge was plastically strained; the elastic strain limit lim
e
itε
of Ti-6Al-4V was plotted in Figure  6-18 and Figure  6-19. This limit represents 
the end point of the proportional limit of the true tensile stress- strain curve of 
Ti-6Al-4V samples tested in the transverse direction and was found to be 
0.0085, as shown in Figure  3-2 - Chapter 3. A good agreement between the 
experiments and FEA results was obtained. While the best fit was achieved for 
the first two forming stations the numerical results overestimated longitudinal 
edge strain in the last three stations; this phenomenon was observed in other 
studies [172, 193, 261] and may be attributed to the deflection of the tooling, 
which is higher at higher forming angles and not considered in the numerical 
model. 
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Figure  6-18 Numerical and experimental longitudinal edge strain distribution for constant arc length 
forming. 
 
Figure  6-19 FEA and experimental longitudinal edge strain from five roll forming passes of constant 
bend radius. 
Although the forming process takes place with an equal incremental bending 
angle of 10° and the same number of forming passes, the constant bend radius 
strategy shows lower peak longitudinal strains, peaklongε , in all forming stations 
compared to the constant arc length forming method. This difference in peaklongε
implies that the constant arc length method caused the material fiber near the 
outer edges to strain longitudinally to higher values compared with the constant 
bend radius method. Both methods lead to the material being strained beyond 
the elastic limit lim
e
itε at the last three roll stands (Figure  6-18 and Figure  6-19), 
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which causes a permanent stretching/ elongation of the strip edge. This 
suggests that there will be longitudinal bow in the roll formed profile 
regardless of the forming method. 
6.7.2 Longitudinal bow 
Figure  6-20 displays the numerical and experimental results of the distribution 
of longitudinal bow along the formed profile for both roll forming strategies. A 
good agreement between the numerical and the experimental results is 
achieved. The constant bend radius forming method shows |50% less bow 
compared to the constant arc length forming method. This corresponds with the 
lower levels of longitudinal edge strain observed for the constant radius 
forming method (Compare Figure  6-18 and Figure  6-19) and suggests less 
permanent longitudinal deformation in the edge and through that less bow 
[143, 256].  
 
Figure  6-20 FEA-simulation and measured distribution of the bow along the V- formed profile 
for constant arc length and constant bend radius roll forming processes. 
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6.7.3 Springback  
Figure  6-21 shows the FEA- coordinates of the profile under loading and after 
release for the V-bend test and the two roll forming approaches analysed. The 
numerical and experimental results for springback are compared in 
Figure  6-22. Good correlation can be observed with only a small 
underestimation of experimental springback of |1.0ι. This may be attributed 
to a plastic strain – dependant unloading modulus that was not accounted for in 
the current model. Previous studies have shown that springback cannot be 
sufficiently estimated for the bending of AHSS if the elastic modulus during 
unloading is assumed to be linear and equal to the loading modulus [135, 255]. 
Both roll forming processes show less springback compared to the V - die 
bending test. This is in agreement with the literature where experimentally for 
various AHSS lower springback was observed for constant arc length roll 
forming compared to V - die bending [179]. This was related to the 
incremental nature of the roll forming process, where the material is 
incrementally bent in successive roll forming stands [241]. The constant radius 
forming method leads to |  15% less springback compared to the constant 
length forming approach and this has not been reported before.  
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Figure  6-21 FEA - Coordinates of the symmetric half of a V shaped profile under loading and 
after release formed via roll forming and V die bending. 
 
Figure  6-22 FEA- springback predictions compared the experimental values for the various 
forming processes.  
 
6.8 Discussion 
6.8.1 Effect of roll forming strategy on product straightness  
The higher peak longitudinal strain in the strip edge observed for the constant 
arc length method (Figure  6-18) compared to the constant forming radius 
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method (Figure  6-19) reflects how much the material is stretched and 
compressed along the forming direction when moving through the various roll 
stands. Figure  6-23 shows the FEA – simulation results of the longitudinal 
strain distribution on the strip surface before and at the roll axis of the last 
forming station. In roll forming the difference in distance travelled by an 
element near the edge portion compared that travelled by an element in the 
centre line of the metal strip causes a small curvature in the upward direction 
when the sheet approaches the rolls, as can be seen in Figure  6-23. This is 
followed by a larger curvature in the concave downwards direction in the 
vicinity of the roll axis (Figure  6-23). Thus each portion of the strip undergoes 
bending / stretching in the longitudinal direction before entering the roll gap 
and bending back / compressing at the centre or exit of the roll gap 
(Figure  6-23). This implies that the sheet is subjected to stretching and 
compression subsequently, particularly at the edge portion of the flange. The 
magnitude of this strain at the edge is a function of the flange length. With 
reducing the flange length the deformation / forming length becomes shorter 
[143, 262] which leads to an increase in peak edge strain at the strip edge [167, 
263]. In this context, if one forming strategy (constant arc or constant radius) 
gives a shorter flange length during the forming process then higher 
longitudinal peak strains are expected. If these peak strains exceed the elastic 
limit of the material, a higher permanent plastic strain would be produced and 
lead to a higher magnitude of longitudinal bow. In the constant arc length 
forming strategy the length of the flanges of the roll forming profile 
particularly at the first 4 stations is significantly shorter than that of the 
constant bend radius as can be seen in Figure  6-11 and given in Appendix A. 
This therefore implies a larger compression and stretching area on the profile 
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causing the edge of the flanges to travel a greater distance than with the 
constant bend radius strategy. If the longitudinal strain in the edge exceeds the 
elastic limit of the material, as it is the case for both forming approaches 
investigated here (Figure  6-18 and Figure  6-19), then permanent residual strain 
remains in the part. Figure  6-24 compares the difference in permanent 
longitudinal strain pflange bendH  calculated between the edge portion at section A-
A and the bend line at section B-B (Figure  6-16). It becomes clear that 
p
flange bendH   is higher for the constant arc length forming methods explaining the 
higher bow level observed for this method compared to the constant radius 
forming method. The trends observed here agree well with those seen in 
practice for DP780 [264].  
  
Figure  6-23 Mechanism of longitudinal bending/ stretching and bending back/ compression in 
the metal strip in roll forming process. 
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6.8.2 Springback in bending dominated forming 
The lower springback observed in roll forming compared to simple bending  
maybe due to the development of a lower level of effective stress. Figure  6-25 
indicates that the inner and outer surface of the roll formed profile radius are 
subjected to lower effective stress (i.e. stretching and compression) compared 
to that developed during single step V - die bending. 
Generally as higher the forming stress level as higher is the elastic recovery 
after load release, i.e., as lower the effective stress developed in the formed 
profile as lower the amount of springback expected.  
The level plastic stress developed (Figure  6-25) appears to depend on the 
nature of the forming sequence. In V - die bending, the metal strip is bent into 
the required inner radius in one single step (Figure  6-9). In contrast to that, in 
roll forming, the blank is formed incrementally through successive forming 
passes (Figure  6-11). Single step V - die bending induces higher effective 
stresses during loading compared to the constant arc length roll forming 
 
Figure  6-24 Effect of forming geometry on the residual plastic strain predicted by FEA. 
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method (Figure  6-25). When using the constant bending radius method the 
effective stress level is further reduced compared to constant arc length 
forming and springback is lower (Figure  6-22). This again suggests that the 
lower springback observed in roll forming compared to simple bending may  
be partly due to a lower level of effective stress developed in the material 
during forming . 
 
Figure  6-25 Distribution of effective stress through the material thickness in the bending 
region.  
 
6.9 Conclusions 
FEA modelling of three bending dominated forming processes has been 
performed; V- die bending and the two major types of roll forming. The cyclic 
hardening characteristics of Ti-6Al-4V for the HAH model were determined by 
the pure bending and the tension/ compression tests using an inverse approach. 
The generated hardening data set was imported into Abaqus standard. The 
forming of symmetrical V- section using V-die bending and roll forming was 
numerically analysed and the simulation results were compared with the 
experimental measurements. Although the formulation of the proposed 
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constitutive model, see Chapter 5 ( Section 5.2 and 5.3) does not include the 
concept of kinematic hardening, it was able to accurately capture the behaviour 
of the Ti-6Al-4V in real V- die bending and roll forming processes and the 
findings of the present study can be concluded as: 
x Effect of forming strategy on longitudinal edge strain and bow in roll 
forming 
The numerical model led to good correlation with the experimental results for 
longitudinal edge strain for both the constant arc length and the constant radius 
methods. For both forming methods, the longitudinal edge strain exceeded the 
elastic limit strain leading to permanent residual strains in the component and 
bow. The residual strains were higher for the constant arc length forming 
method. This was mainly due to do the shorter flange length that is formed in 
the constant arc length method compared to the constant radius method leading 
to higher longitudinal strain in the strip edge. 
x Material behaviour and springback in bending compared to roll 
forming  
The simulated and experimental results showed an existing relationship 
between the nature of deformation and the forming method with springback 
value. The springback was observed and numerically predicted to be lower in 
the roll forming process compared to V - die bending.  
Analysis of the effective stress showed that roll forming induces lower stresses 
in the bending region compared to V - die bending. This may explain the lower 
level of springback observed in roll forming compared to simple bending. this 
is confirmed by the lower level of springback observed in the constant bending 
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radius roll forming method which leads to a lower level of  effective stress and 
less springback compared to the constant arc length forming method.  
The overall findings obtained in this study can be used as guidelines for roll 
forming of Ti-6Al-4V at room temperature during the process design stage. 
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7 Concluding remarks and Future work 
7.1 Conclusions 
It was revealed in Chapter 2 that Ti-6Al-4V alloy sheet is receiving increasing 
interest as a light weight material in automotive and aerospace industries. To 
achieve widespread industrial use of a high strength low ductility material such 
as Ti-6Al-4V, new and advanced forming processes need to be developed and 
the forming behaviour of Ti-6Al-4V at room temperature has to be understood. 
Additionally virtual manufacturing processes such as FEA are required to 
achieve reliable process design. The accuracy of numerical sheet forming 
models highly depends on the constitutive material model applied for 
describing the behaviour of the material at the different stress states and under 
stress reversal. The main objective of the present study was to generate a 
fundamental understanding of the material behaviour of Ti-6Al-4V in bending 
dominated forming at room temperature and to develop a constitutive equation 
that allows accurate prediction of this behaviour. The following subsections 
summarize the main conclusions of this work, with respect to the research 
goals that have been defined in the first chapter of this thesis. 
Forming behaviour of Ti-6Al-4V at room temperature 
In Chapter 3, the forming behaviour of Ti-6Al-4V at room temperature has 
been experimentally investigated. Tensile tests and swing folding trials were 
performed to determine the mechanical and anisotropy properties, and the 
minimum bending radius of the material. The stretch forming tests under 
different strain modes were performed to establish the forming limit diagram 
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(FLD). Additionally single and incremental V- die forming trials were carried 
out to form a V- section profile and springback was analysed. The results 
showed that Ti-6Al-4V alloy sheet has limited formability combined with 
strong anisotropy, low material hardening and a high tendency of springback. 
This indicates limited applicability for manufacturing at room temperature with 
conventional forming process such as stamping or deep drawing.  
Initial roll forming trials based on the “constant arc length” forming method 
were performed which showed that Ti-6Al-4V sheet alloy can be rolled formed 
to simple longitudinal sections at room temperature. Tighter forming radii and 
lower springback were achieved in the roll forming process compared to V die 
bending trials performed in one step. Incremental V-die bending trials showed 
a reduction in springback with increasing number of forming steps applied and 
this suggests that the lower springback in roll forming may be due to the 
incremental nature of the process where the sheet is bent in successive roll 
forming stands. Chapter 6 further revealed that if the constant radius method is 
applied in the roll forming process, a further reduction in springback by 15% 
can be achieved compared to the constant arc length forming method. The 
numerical analysis performed in Chapter 6 indicates that the lower springback 
is observed in roll forming compared to V-die bending and determined in 
constant radius compared to constant arc roll forming is due to a lower level of 
plastic strain accumulated in the bending region at outer surface.  
In Chapter 3 the Ti-6Al-4V profile roll formed based on constant arc length 
forming method showed less shape defects compared to the AHSS (i.e. 
DP780), which indicates that the properties of this material are suitable for the 
roll forming process. Chapter 6 further revealed that the product’s straightness 
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can be further improved by 50% by applying the constant bending radius roll 
forming strategy. The FEA- analysis suggests that the higher straightness 
achieved with the constant bending radius method is due to a lower level of 
longitudinal strain developed in the strip edge due to the larger flange length 
that is formed (Section 6.8.1). 
In general the results suggest that the roll forming process may represent a 
promising alternative for the room temperature forming of Ti-6Al-4V for 
structural and crash components for automotive or aerospace industries. 
Establishment of yield criterion of Ti-6Al-4V at room temperature 
Chapter 4 focused on establishing the initial yield surface of Ti-6Al-4V- at 
room temperature. For this, a series of experiments was performed at low strain 
rates of 10-3 1s for various loading conditions. Tension and compression tests 
were performed at different orientations to characterise the anisotropy and 
asymmetry in yielding and hardening behaviour. From the test results it can be 
concluded that in tension the material displays variations of mechanical 
behaviour with a pronounced anisotropy. Compression tests revealed that the 
strength differential (SD effect) between tension and compression is 
insignificant compared to that reported for CPTi and magnesium alloys, while 
the hardening behaviour is slightly asymmetric. 
To investigate the Bauschinger effect and transient hardening behaviour the in 
plane tension /compression and compression / tension, were performed at 
amplitude strains of േ4.0% and ט4.0 %, respectively. It was experimentally 
observed that the material has a strong Bauschinger effect followed by rapid 
transient hardening upon reverse loading with no subsequent permanent 
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softening. In - plane balanced biaxial tension tests at a load ratio of ( ) were 
carried out to determine the biaxial material parameters and to construct the 
yield surface at room temperature. 
To simulate the material response observed in Chapter 4 (Section 4.3), both the 
Hill’s48 and YLD2000-2D yield functions were applied (Section 4.4). The 
quadratic Hill’s48 yield surface did not reproduce the experimental 
observations while the calibrated non-quadratic YLD 2000-2D with the 
exponent M  =12 was capable of describing the yielding behaviour of Ti-6Al-
4V for various loading conditions.  
The optimized YLD2000-2D was further validated using experimental yield 
stress values obtained from the in - plane biaxial tensile tests at different load 
ratios and plane strain tension tests performed in both RD and TD. The results 
showed that the YLD2000-2D ( M =2) is sufficiently accurate to describe the 
yielding behaviour of the material (Section 4.4). Further verification of the 
YLD2000-2D ( M =12) was performed by experimental comparison with the 
uniaxial flow stress at large strain for different orientations ( 0°, 
15°,30°,45°,60°,75° and 90°) as shown in Section (4.5).  
Constitutive modelling of Ti-6Al-4V at room temperature 
Chapter 5 focused on developing a constitutive model that enables prediction 
of forming behaviour of Ti-6Al-4V in bending dominated forming processes 
such as roll forming or V-Die bending at room temperature. A constitutive 
equation was proposed based on the experimental results obtained in Chapter 
4. The yielding behaviour of the Ti-6Al-4V represented by the YLD2000-2D 
yield function with M =12 (Chapter 4) was integrated into the homogeneous 
:1 1
C H A P T E R  S E V E N  
174 
yield function based anisotropic hardening model (HAH) as a stable function. 
The evolution of the asymmetry hardening behaviour of Ti-6Al-4V is captured 
at the continuum level by a fluctuating function embedded in the HAH model. 
The continuum approach of the proposed model is based on the physical 
understanding of the evolution of the dislocation structure during strain path 
reversal and does not consider the general concept of kinematic hardening.  
An elasto- plastic finite element formulation based on the numerical 
implementation of the HAH model that considers the incremental deformation 
theory and the consistency condition was developed. The stress states in the 
stress space were updated using the general convex cutting plane method 
(GCPM). The plastic strain components, equivalent plastic strain, stress 
components as well as the state variables of the HAH model were numerically 
calculated by the Newton – Raphson method based on an iterative algorithm of 
the predictor – corrector scheme.  
Since the HAH model is accompanied by a continuous distortion of the yield 
locus during plastic deformation when the strain path changes, the multiple – 
step Newton Raphson method was used under the elasto – plasticity framework 
to calculate the derivatives of the evolution of the yield surface. 
The model was validated with the experimental results of the continuous in 
plane tension/ compression and compression/ tension performed on specimens 
oriented 0° and 90° from the RD and over a full symmetric cyclic strain of േ
ͶǤͲΨ. For comparison two conventional hardening models, the isotropic and 
the nonlinear kinematic hardening model, both calibrated with the YLD2000-
2D ( M =12) yield function were additionally analysed. 
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The numerical results show that the HAH model is capable of capturing the 
main features of the cyclic hardening behaviour of Ti-6Al-4V including the 
Bauschinger effect and the transient hardening behaviour. In contrast to that, 
both conventional hardening models led to significant deviations between 
numerical and experimental results. This suggests that the developed model is 
suitable to predict the material behaviour of Ti-6Al-4V in conventional 
bending and roll forming at room temperature. 
Application of the proposed constitutive model into the FEA- simulation of a 
bending and a roll forming processes 
Chapter 6 focused on applying the developed constitutive model to analyse the 
forming behaviour of Ti-6Al-4V in V- die bending and roll forming processes. 
In order to obtain the material hardening parameters for the constitutive HAH 
material model, the in - plane anisotropic properties were measured by the 
uniaxial tensile tests performed in in different loading directions (Section 
3.3.1). Since the transverse direction (90°) is of major interest for the roll 
forming process where the major deformation mode is transverse bending, the 
material parameters were determined along this direction.  
The FE- code developed in Chapter 5 (Section 5.3) was integrated into Abaqus 
/ standard using the “UMAT” subroutine and the model parameters determined 
by combining inverse analysis with experimental pure bending and uniaxial 
tension- compression test data. Thereby the moment curvature diagram and the 
true stress - strain material response were used as target curves.  
The numerical analysis of the V- die bending and the roll forming processes 
was performed (Section 6.4) using Abaqus implicit whereby the material 
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behaviour was defined using the HAH model. The FEA- simulation results 
were compared with the experimental measurements (Section 6.6).  
The model gave a good representation of the material behaviour of Ti-6Al-4V 
and reproduced the general trends experimentally observed. These include a 
lower springback in roll forming compared to V-die bending (Section 6.7.3) as 
well as a lower level of longitudinal strain in the strip edge in constant bend 
radius forming compared to the constant arc length roll forming method 
(Section 6.7.1). In addition to that there was a good agreement between the 
numerically predicted and the experimentally observed distribution of bow 
over the length of the roll formed part (Section 6.7.2). 
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7.2 Recommendations for future work 
Limitations of Nakazima test towards improvement the FLD of Ti-6Al-4V 
In Chapter 3 (Section 3.3.2) , due to the small punch diameter applied in the 
stretching forming test, the determined FLD was shifted away from the plane 
strain condition. The FLD curve was partially corrected by considering the 
effect of the punch curvature. However, a small shift remained which can be 
corrected if the effect of biaxial stretching is taken into consideration. For this 
purpose a future work is needed to study the limitations of the Nakazima test 
with regard to the punch diameter and punch travel as reported by Sharvari et 
al. [202]. This will lead to determine the amount of non-uniformity in thickness 
strain, by which the biaxial component will be accurately accounted for. 
Springback 
In Chapter 3, the multi- step V-bending bending test showed that springback 
reduces with increasing number of bending / forming steps. The FEA analysis 
in Chapter 6 revealed that the reduction in springback in roll forming (i.e. 
incremental bending process) compared to the single V - die bending is 
attributed to lower effective stresses induced in the bending region. This result 
suggests that springback in roll forming of Ti-6Al-4V may be influenced by 
process parameters such the number of forming passes. Therefore further work 
should be undertaken to determine the correlation between the springback and 
roll forming process parameters.  
Effect of strain rate on Ti-6Al-4V forming behaviour 
In Chapter 4 the experimental study of the deformation behaviour has been 
performed under quasi-static conditions. However it is well known that Ti-6Al-
4V is strain rate sensitive. To fully understand the inelastic behaviour of Ti-
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6Al-4V further experimental work is necessary that focuses on the yielding and 
hardening behaviour of Ti-6Al-4V at high strain rates.  
Modelling of Ti-6Al-4V using the advanced Chaboche model 
In Chapter 5 the simulation results using the simple non-linear kinematic 
hardening model showed results that were close to those obtained with the 
isotropic hardening model. To really prove the superiority of the HAH model, 
it is of fairness to compare it with a recent and advanced combined hardening 
model based Chaboche model. However the experiments of the in - plane 
tension / compression or compression / tension at different stress reversals that 
were required for this additional study as reported by Chung et al. [251] were 
out of the scope of this thesis. Therefore, further experimental and numerical 
work should be extended to focus on this scope. 
Effect of the change in Young’s modulus with plastic deformation 
In Chapter 5, the proposed constitutive model did not take into account the 
change in the Young’s modulus with effective plastic strain. In Chapter 6, the 
FEA results of springback showed an underestimation by |1.0° compared to 
the experimental measurements for both the V- die bending and the roll 
forming process. Further model improvement could be achieved by 
considering the variation of the elastic modulus with plastic strain in the 
formulation of the HAH model based FE code. 
Roll forming process parameters 
In the current work, major focus was on the effect of the roll forming method 
(constant bend radius and constant arc length) on forming defects and 
springback. Nevertheless several other process parameters such as interstation 
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distance and bending sequence have a significant influence on the material 
behaviour and final shape. Therefore a full study into the effect of these 
parameters should be performed. This could provide useful guidelines on how 
to optimize the roll forming process for the manufacture of structural and crash 
components from Ti-6Al-4V sheet at room temperature.  
Profile geometry 
In this study, a simple symmetric V- section was used as a case study to 
understand the behaviour of Ti-6Al-4V in the roll forming process. This may 
be the reason that the only shape defect observed in this study was longitudinal 
bow. However with increasing profile complexity more shape defects are likely 
and further experimental and numerical work applying the advanced material 
model developed here should be performed to understand the roll formability 
of Ti-6Al-4V at room temperature.
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Appendix A 
A schematic drawing showing the main design parameters that are changed in 
both forming methods at each forming stand is depicted in Figure (1-A). The 
corresponding dimensions for the 5 forming passes in constant arc length and 
constant bend radius forming methods are listed in Table (1-A) and Table (2-
A) respectively. 
 
Figure 1-A Schematic drawing of a roll stand demonstrating the tool design variables 
 
 
Table 1-A Tool design parameters for constant arc length forming strategy 
Pass No. θ  w  R  D  0.5 L  a  
1 10 32 79 14.17 13.96 23.54 
2 20 32 39 14.46 13.96 23.54 
3 30 30 25.67 14.83 13.96 23.54 
4 40 30 19 15.29 13.96 23.54 
5 50 25 15 15.85 13.96 23.54 
 
 
Table 2-A Tool design parameters for constant bend radius forming strategy 
Pass No. θ  w  R  D  0.5 L  a  
1 10 25 15 0 2.79 34.709 
2 20 25 15 6 5.58 31.918 
3 30 25 15 9.11 8.37 29.127 
4 40 25 15 12.37 11.16 26.336 
5 50 25 15 15.85 13.96 23.54 
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Appendix B 
Before installing the strain gauges, special treatments were carried out on the 
surface. Firstly, the surface was carefully cleaned with the GC-6 isopropyl 
alcohol followed by grit blasting at 0ͼ,45ͼand -45ͼ using 120 and 400 SiC 
abrasive papers. Next conditioner “A” was applied repeatedly and the surface 
was scrubbed with cotton tipped applicators until a clean tip is no longer 
discoloured. The final step in surface preparation is to apply Neutralizer “5A” 
in order to bring the layout surface to an optimum alkalinity of PH 7.0-7.50 
with also frequently scrubbing the. The adhesive used must be rigid enough to 
prevent gauges relaxation and flexible enough to permit large strains without 
cracking. The strain gauges were glued using the “M-Bond A-12” adhesive kit 
in the centreline of the specimen along the longitudinal direction of the 
specimen as shown in Figure  6-17.The strain gauges were then cured for 2 
hours at 75CͼǤ 
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